Evaluation of \u3cem\u3eIn Situ\u3c/em\u3e Bioremediation of 1, 4-Dioxane Under Aerobic and Anaerobic Conditions by Ramos Garcia, Angel Alejandro
Clemson University 
TigerPrints 
All Dissertations Dissertations 
December 2020 
Evaluation of In Situ Bioremediation of 1, 4-Dioxane Under Aerobic 
and Anaerobic Conditions 
Angel Alejandro Ramos Garcia 
Clemson University, aaramos@g.clemson.edu 
Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations 
Recommended Citation 
Ramos Garcia, Angel Alejandro, "Evaluation of In Situ Bioremediation of 1, 4-Dioxane Under Aerobic and 
Anaerobic Conditions" (2020). All Dissertations. 2710. 
https://tigerprints.clemson.edu/all_dissertations/2710 
This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been 
accepted for inclusion in All Dissertations by an authorized administrator of TigerPrints. For more information, 
please contact kokeefe@clemson.edu. 
EVALUATION OF IN SITU BIOREMEDIATION OF 1, 4-DIOXANE UNDER 




the Graduate School of 
Clemson University 
_________________________________________________ 
In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy 
Environmental Engineering and Earth Science 
_________________________________________________ 
by 




Dr. David L. Freedman, Committee Chair 
Dr. Kevin T. Finneran 






1,4-Dioxane is a widely distributed contaminant within the U.S. along with chlorinated 
solvents, specifically 1,1,1-trichloroethane (1,1,1-TCA) and other compounds.  Due to its apparent 
recalcitrance and carcinogenicity, it is a contaminant that has raised considerable concerns because 
of its potential adverse effects on health.  The physical and chemical properties and behavior of 
1,4-dioxane create challenges for its characterization and treatment.  It is highly mobile and does 
not readily biodegrade in the environment.  Therefore, remediation for 1,4-dioxane has gained an 
increasing importance.  The current leading technologies for remediation are energy and 
chemically intensive and ineffective for mass removal, whereas in situ bioremediation is a suitable 
alternative due to its lower overall cost for implementation. 
Given the gaps in knowledge from the scientific literature, and in order to expand the 
understanding of 1,4-dioxane biodegradation and its potential in situ  bioremediation applications, 
the objectives of this study include: 1) Evaluate the cometabolic biodegradation potential of high 
concentrations of 1,4-dioxane (i.e., > 5 mg·L-1) by propanotrophs; 2) Isolate and characterize two 
isolated bacteria that can metabolize 1,4-dioxane obtained from contaminated sites; 3) Evaluate 
the potential loss of essential genes for aerobic biodegradation of 1,4-dioxane in the presence of 
other substrates other than 1,4-dioxane; 4) Evaluate the movement of 1,4-dioxane degrading 
microbes through porous media; 5) Develop and validate a protocol to directly measure rate 
constants for natural biodegradation of 1,4-dioxane in groundwater using 14C-labeled 1,4-dioxane; 
6) Apply the 14C-assay for actual contaminated sites; 7) Evaluate the potential for anaerobic 
biodegradation of 1,4-dioxane by the use of groundwater and soil samples from contaminated sites. 
The first objective was accomplished by the construction of microcosms to evaluate the 
potential of cometabolic degradation of 1,4-dioxane, using the mixed propanotrophic culture 
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ENV487 for one site contaminated with high levels of 1,4-dioxane (>1,000 mg·L-1).  Indigenous 
propanotrophs were confirmed in the site using bottles supplemented with propane only.  
Inoculated bottles with the culture showed an enhanced degradation rate for 1,4-dioxane.  
Complete degradation of 1,4-dioxane was achieved in most of the bottles, and in a few cases, 
nutrients were needed to resume and complete the degradation process.  A 1,4-dioxane degrader 
was confirmed in the site after adding nutrients.  Overall, cometabolism of 1,4-dioxane at high 
concentrations by propanotrophs is a feasible method to remediate sites contaminated with this 
compound. 
The second objective was addressed by obtaining the whole genome sequence of the 
isolated strains BERK-1A and BERK-1B.  Whole genomes were annotated and used to compared 
against annotated genes from another 1,4-dioxane-degrader, Pseudonocardia dioxanivorans 
CB1190. 
Third objective was accomplished by performing tests to estimate kinetic parameters using 
strain BERK-1A.  Kinetic parameters were compared against the known 1,4-dioxane metabolizer 
P. dioxanivorans CB1190. 
The fourth objective was fulfilled by developing a method to quantify rate coefficients 
based on product accumulation for 1,4-dioxane biodegradation, using a radio-isotope (14C) assay 
to confirm natural attenuation in groundwater.  Pseudo-first order rate coefficients were quantified 
by fitting the product accumulation data to a mass balance model for 14C products.   
To achieve the fifth objective, microcosms were set up with groundwater and soil from 
four contaminated sites at which the field data suggests that 1,4-dioxane is undergoing anaerobic 
biodegradation.  The samples did not contain a significant amount of chlorinated solvents.  
Samples from one site were amended with 14C-1,4-dioxane to characterize degradation products.  
iv 
 
Amendments included Fe(III) oxide, Fe(III)-ethylene-diaminetetraacetic acid (Fe(III)-EDTA), 
anthraquinone disulfonate (AQDS), nitrate, sulfate and oxygen.  There was no evidence to support 
biodegradation of 1,4-dioxane under anaerobic conditions.  Further laboratory studies are needed 
to determine the feasibility of anaerobic biodegradation of 1,4-dioxane.  Until then, aerobic 
treatment remains the only viable bioremediation alternative. 
Aerobic biodegradation of 1,4-dioxane was demonstrated in up-, mid- and down-gradient 
microcosms with soil and groundwater from a site in Europe.  The up-gradient location has 1,4-
dioxane concentrations of ~1,500 mg·L-1, among the highest reported for an aquifer.  
Biodegradation required amendment with propane.  Although indigenous propanotrophs were able 
to co-oxidize 1,4-dioxane, higher rates were achieved following bioaugmentation with the mixed 
propanotrophic culture ENV487.  Nutrient addition was essential for stimulating biodegradation 
activity.  First order rate coefficients were similar to ones reported for a field study of propane 
biosparging.  Transformation yields were lower than values obtained under ideal conditions (i.e., 
medium instead of groundwater and soil), but were notably higher than the transformation yields 
for chlorinated ethenes and ethanes.  Evidence for the presence of microbes cable of degrading 
1,4-dioxane as a sole source of carbon and energy was obtained with the mid-gradient microcosms.   
Using microcosms prepared with soil and groundwater from two contaminated sites, 
enrichment cultures were developed that aerobically consumed 1,4-dioxane as a major source of 
carbon and energy.  Isolates were obtained from both enrichments; both are strains of 
Pseudonocardia dioxanivorans. This is the second reported pure culture of a Pseudonocardia spp. 
capable of metabolizing 1,4-dioxane that comes from a contaminated aquifer.  Molecular tools 
confirmed that the two isolates are the same strain (designated BERK-1), and they are different 
from strain CB1190.  The kinetics for growth of BERK-1 on 1,4-dioxane are similar to those of 
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CB1190.  Minimal morphological differences were observed between P. dioxanivorans strains 
CB1190 and BERK-1 according to cell surface analysis by SEM. 
Curing of plasmids from strains CB190 and BERK-1 that carry essential genes for initiating 
aerobic biodegradation of 1,4-dioxane was only possible following growth in a rich medium (LB).  
Curing did not occur following growth on lactate and emulsified vegetable oil (EVO).  This 
indicates that excess electron donor used to anaerobically remediate chlorinated solvent plumes 
will not trigger the loss of essential genes for aerobic biodegradation of 1,4-dioxane. 
BERK-1 was able to move at a slightly higher rate than CB1190 through sand and silt 
without the aid of recirculation.  This is consistent with a lower level of clumping and adherence 
to surfaces by BERK-1 following growth in medium.  However, further tests with continuous flow 
columns should be implemented to corroborate these results. 
The whole genome for BERK-1 was successfully assembled and provided enough 
differences to discern it from the well-known 1,4-dioxane degrader P. dioxanivorans CB1190.  
The draft genome sequence and annotation have been deposited in the DDBJ/ENA/GenBank 
database under the accession no. PJPW00000000.  The version described in this dissertation is 
PJPW02000000.   
A 14C assay was developed that enables quantification of first order biodegradation rate 
coefficients in groundwater microcosms.  A method was verified for purification of 14C-1,4-
dioxane by passage through an HPLC column.  The 14C assay was validated with metabolic and 
cometabolic cultures (i.e., CB1190 and ENV487, respectively).  Detection limits for rate 
coefficients were on the same order of magnitude, with half-lives of 43 and 33 years for CB1190 
and ENV487, respectively.  
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Further validation of the 14C assay included the ability to block biodegradation by addition 
of acetylene to microcosms, or incubation in the absence of oxygen.  These treatments verify the 
involvement of monooxygenases in aerobic biodegradation of 1,4-dioxane.  This suggests it may 
be possible to correlate monooxygenase genes quantified in groundwater to first order rate 
coefficients, as has been done with aerobic co-oxidation of TCE.    
Of the 49 groundwater samples evaluated, statistically significant rate coefficients were 
determined using the 14C assay for 15; no significant rate of degradation was observed in 34 of the 
samples.  The median rate coefficient observed using the 14C assay was 0.0061 yr-1 (half life = 114 
yr); the maximum rate coefficient was 0.096 yr-1 (half-life = 7.2 yr).  These results indicate that 
for most of the wells examined, biodegradation of 1,4-dioxane is occurring at a relatively slow rate 
or not at all.  There appears to be good correlation between results from the 14C assay and other 
lines of evidence for the occurrence of biodegradation being gathered as part of an ESTCP project.   
Nutrients may be a limiting factor in the 14C assay.  Adding nutrients had a significant 
impact on metabolic and cometabolic cultures.  Nutrient limitation must therefore be considered 
when interpreting rate coefficients from the 14C assay based only on groundwater, i.e., in the 
absence of soil.  For this reason, the assay may be most useful as a screening tool to help decide if 
it would worthwhile to resample a site and collect both soil and groundwater.  Collecting soil cores 
is considerably more costly but may allow for determination of more accurate rate coefficients.   
This is the first study to report formate as a significant soluble product from co-oxidation 
of 1,4-dioxane by a propanotrophic culture.  This was confirmed by co-elution on an HPLC column 
with authentic material and application of a formate dehydrogenase assay.  A pathway for co-
oxidation is proposed, with ethylene glycol being a likely precursor to formate.  Other presumptive 
products identified by co-elution on the HPLC were acetate, glycerate, glycolaldehyde, ethylene 
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glycol, and glycolate.  Although identification of formate as a product from propanotrophic co-
oxidation of 1,4-dioxane is of interest, formate is not likely to serve as a useful marker for 
biodegradation in situ, since many microbes biodegrade formate and there are many sources of 
formate in addition to co-oxidation of 1,4-dioxane. 
 Anaerobic biodegradation of 1,4-dioxane was evaluated for seven sets of microcosms 
prepared with groundwater or MSM and soil from four contaminated sites.  Reducing conditions 
were established with a variety of anaerobic electron acceptors.  There was no compelling evidence 
for anaerobic biodegradation, even in microcosms that were incubated as long as seven years and 
with the benefit of using 14C-1,4-dioxane to facilitate detection of degradation products.  These 
results are in contrast to compelling field evidence for the occurrence of anaerobic biodegradation 
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1,4-Dioxane is a cyclic ether compound that is gaining attention due to its apparent 
recalcitrance and carcinogenicity (USEPA, 2014).  1,4-Dioxane is well known for its use as a 
stabilizer in 1,1,1-trichloroethane (1,1,1-TCA) at the industrial field and it is considered to be more 
widespread due to its use in personal products and detergents, various chemicals, electronics, 
fabrics and pharmaceuticals (Suthersan et al., 2016).  Solvent stabilizers, such as 1,4-dioxane, are 
present at most contaminated sites where chlorinated solvents were released in the environment. 
The leading technologies for ex situ treatment involve adsorptive resins, advanced 
oxidative processes, and biological reactors.  Such treatments are energy and chemical intensive 
processes and ineffective for mass removal with potential limitations (Otto and Nagaraja, 2007), 
whereas in situ bioremediation is hampered by a lack of information on the most effective strategy.  
Bioremediation has not been demonstrated as a viable remediation strategy for 1,4-dioxane, 
however evidence for intrinsic in situ biodegradation of 1,4-dioxane in aquifers and other 
environmental samples has been reported (Li et al., 2013, 2010; Sei et al., 2010).  Biodegradation 
is considered a key alternative due to its low energy demanding process. 
In situ technologies appear less developed and developments in biodegradation, 
particularly through co-metabolism, chemical oxidation, and electrical resistance heating, appear 
promising (DiGuiseppi et al., 2016).  However, until there are substantively successful full-scale 
operations demonstrating treatment, the use of in situ treatment of 1,4-dioxan is likely to be 
somewhat limited.  For some sites, it has been demonstrated that monitored natural attenuation 
(MNA) is expected to play an important role in long-term management of large diffuse plumes as 
the chemical degrades at low rates at all sites (DiGuiseppi et al., 2016).  Another unique 
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consideration for utilizing in situ treatment of 1,4-dioxane is that it often has low cleanup levels 
on the order of 10 µg·L-1 or less, which can create challenges with in situ remedies due to the 
ability to distribute the injected amendment and back diffusion issues. 
Up to date only two pilot-tests for in situ 1,4-dioxane biodegradation using cometabolism 
pathways have been reported.  One of the tests consisted on injecting methane at the Air Force 
Plant 44, Tucson, Arizona (Sadeghi et al., 2016), whereas at the other site propane was the selected 
as the primary substrate at the Vanbenberg Air Force Base in California (Lippincott et al., 2015).  
Even though these treatments are certainly an innovative development, there are no full-scale in 
situ biological treatments for 1,4-dioxane yet. 
1,4-Dioxane  is perceived as a poor candidate for natural attenuation, since few sites have 
long enough history of detections to track long-term declining trends or shrinking plumes 
(DiGuiseppi et al., 2016).  However, natural attenuation is the most plausible case scenario for the 
fate of 1,4-dioxane in some sites (Adamson et al., 2015, 2014).  A sustainable remediation is an 
important factor to be considered over in situ test studies. 
1.2 Health Risks 
Exposure routes for 1,4-dioxane could occur during its production and use as a stabilizer 
or solvent through inhalation of vapors, ingestion of contaminated food and water or dermal 
contact.  1,4-Dioxane does not bioaccumulate.  The most common route of human exposure is 
through inhalation, being distributed rapidly and uniformly in the lung, liver, kidney, spleen, colon 
and skeletal muscle tissue.  An acute exposure to high levels of 1,4-dioxane may result in nausea, 
drowsiness, headache, and irritation of the eyes, nose and throat whereas a chronic exposure may 
result in dermatitis, eczema, drying and cracking of skin and liver and kidney damage.  1,4-
Dioxane is weakly genotoxic and reproductive effects in humans are unknown; however, a 
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developmental study on rats indicated that 1,4-dioxane may be slightly toxic to the developing 
fetus, indicating that 1,4-dioxane is a probable human carcinogen (USEPA, 2014). 
1.3 Physicochemical Properties 
1,4-Dioxane is a cyclic di-ether that is produced by the dehydration of ethylene glycol or 
derived from ethylene oxide (Adams et al., 1994).  Its molecular structure is composed of a ring 
of four carbons containing two oxygen atoms placed at the opposite side from each other, 
representing the ether functional group.  The chemical is highly miscible in water and most organic 
solvents, with an octanol-water partition coefficient, log KOW, from -0.42 to -0.07.  Its 
concentration factor varies from 0.28 to 0.52 and its dimensionless Henry’s constant is 1.96 x 10-
4 (Mohr et al., 2016).  These properties make 1,4-dioxane highly mobile in subsurface 
environments and difficult to breakdown or strip out of water (USEPA, 2014). 
1.4 Bioremediation Relevance 
The fate and transport of 1,4-dioxane as an emerging environmental contaminant is 
becoming an area of significant interest.  The United States Environmental Protection Agency 
(USEPA) has recently included 1,4-dioxane on its initial list of ten “high priority” chemical 
substances as part of the 2016 amendments to the Toxic Substances Control Act (Adamson et al., 
2017). 
Conventional water treatment technologies are limited in their effectiveness for the 
treatment of 1,4-dioxane contaminated water.  Since it is very hydrophilic and water soluble and 
has a very low vapor pressure (10-6 atm·m3·mol-1 at 25 °C) (Suh and Mohseni, 2004).  
Technologies capable of effectively degrading 1,4-dioxane usually are not cost-effective and 
additional costs could incur when it is used in combination with “pump and treat” approach (Sun 
et al., 2011). 
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Bioremediation has been considered to have the potential to degrade 1,4-dioxane in a more 
cost-effective way.  There have been several evaluations of aerobic biodegradation of 1,4-dioxane 
by means of monooxygenase-expressing microorganisms (Chen et al., 2016; Huang et al., 2014; 
Lippincott et al., 2015; Matsui et al., 2016; Nam et al., 2016; Pugazhendi et al., 2015; Sei et al., 
2013a; Sun et al., 2011).  The lack of studies related to anaerobic biodegradation of 1,4-dioxane is 
still a gap that researchers are still trying to elucidate. 
There is no federally-enforceable drinking water standard for this compound.  Concerns 
about the carcinogenicity of the compound have led several states to institute their own regulatory 
standards (Lippincott et al., 2015).  The guidelines for maximum contaminant level (MCL) in 
drinking water ranges from 3 parts per billion (ppb) in California to 85 ppb in Michigan (Sun et 
al., 2011), and some states have limited the 1,4-dioxane concentrations in drinking water to ≤ 0.35 
µg·L-1 based on 1 x 10-6 cancer risk assessments (USEPA, 2014). 
The present study evaluates the potential of aerobic1,4-dioxane biodegradation for two new 
strains of Pseudonocardia dioxanivorans that have been isolated from contaminated sites with 1,4-
dioxane by analyzing their physiological properties.  The study also evaluates the potential of 
natural attenuation of 1,4-dioxane by the use of a 14C assay and the anaerobic biodegradation 
potential for samples from 1,4-dioxane-contaminated sites. 
1.5 Biodegradability of Other Ether Compounds 
Ether compound groups are considered to be persistent under biodegradation than other 
hydrocarbons.  Nevertheless, several microorganisms have been reported that degrade and, in some 
cases, grow on these types of compounds.  Understanding ether compounds biodegradability could 
lead to a better understanding on how 1,4-dioxane (being an ether group compound) degrades.  It 
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is known that 1,4-dioxane biodegrades cometabolically by microbes when grown on another ether 
compound. 
1.5.1 Tetrahydrofuran (THF)  
Biodegradation of THF has been well studied. THF is a cyclic-type ether composed of five 
carbon atoms, with a structure similar to that of 1,4-dioxane.  Studies have reported microbes that 
are capable on growing on ether compounds.  Rhodococcus 219 was the first THF-degrader to be 
isolated and characterized (Bernhardt and Diekmann, 1991), another example of a THF-degrader 
is the Pseudonocardia sp. Strain K1, which was isolated from a wastewater treatment plant and 
can degrade the contaminant under aerobic conditions (Kohlweyer et al., 2000).  P. K1 strain has 
the potential of degrading diethyl ether, polyethylene glycol and two potential THF daughter 
products: γ-butyrolactone and 4-hydroxybutyrate.  Strain K1 transforms THF with the involvement 
of a binuclear iron-containing monooxygenase, which oxidizes THF to 2-hydroxytetrahydrofuran. 
Cometabolism of THF and other ether compounds has been studied.  One study evaluated 
the biodegradation of multiple ether pollutants such as THF, 1,4-dioxane, 1,3-dioxolane, bis-2-
chloroethylether and methyl-tert-butyl ether (MTBE) by the use of Pseudonocardia sp. strain 
ENV478 (Vainberg et al., 2006).  The best rates of biodegradation of 1,4-dioxane were achieved 
when the culture was previously grown on THF; however, the culture was also able to degrade 
1,4-dioxane after being grown on sucrose, lactate, yeast extract, 2-propanol and propane.  The 
daughter product of 1,4-dioxane degradation was 2-hydroxyethoxyacetic acid (HEAA). 
Recently, optimization of the culture conditions for THF degradation resulted in isolation 
of a novel bacterium, Rhodococcus sp. YYL (Yao et al., 2009).  The strain tolerates high 
concentrations of THF (up to 200 mM).  The conditions tested to optimize THF biodegradation 
were initial pH, media concentrations of phosphorus (K2HPO4·3H2O), ammonia (NH4Cl) and 
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yeast extract (growth factors).  Three trace elements that significantly increased THF 
biodegradation were found (Mg2+, Zn2+ and Fe2+).  The optimum values for pH, NH4Cl, 
K2HPO4·3H2O, and yeast extract were 8.26 g·L
-1, 1.80 g·L-1, 0.81 g·L-1 and 0.06 g·L-1 
respectively. 
Under anaerobic conditions, THF as 1,4-dioxane is considered to be a recalcitrant 
compound.  A comprehensive study showed the potential for anaerobic biodegradation of 47 
aliphatic organic compounds, including 1,4-dioxane and THF, which were classified as poorly 
biodegradable.  The key molecular structure variables involved in this assessment were total 
energy and molecular diameter, which were directly proportional to the potential for anaerobic 
biodegradation (Hongwei et al., 2004). 
1.5.2 Methyl tert-Butyl Ether (MTBE) 
Biodegradation of MTBE under aerobic conditions is well documented.  Several cultures 
that originated from different environments can partially degrade or completely mineralize MTBE, 
either by using it as a sole energy and carbon source or through cometabolic processes.  MTBE is 
biodegraded into Tert-butyl alcohol (TBA) by a monooxygenase enzyme.  Eventually, TBA is 
degraded to CO2 (Deeb et al., 2000). 
Anaerobic biodegradation of MTBE under in situ and laboratory conditions has been 
reported (Finneran and Lovley, 2001; Wilson et al., 2005; Yeh and Novak, 1994).  A study found 
that MTBE, Ethyl tertiary-butyl ether (ETBE) and TBA were biodegraded under sulfate reducing, 
denitrifying and methanogenic conditions (Yeh and Novak, 1994).  MTBE was the most 
recalcitrant to biodegradation whereas TBA was the easiest to degrade.  MTBE and ETBE 
degradation were observed in sediments with low organic matter and a pH around 5.5, however, 
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the co-existence of ethanol or other readily biodegradable compounds was inhibitory to MTBE 
and ETBE biodegradation. 
The presence of humic substances and Fe(III) improved the biodegradation of MTBE under 
anaerobic conditions in sediments from a petroleum contaminated aquifer and in aquatic sediments 
(Finneran and Lovley, 2001).  Microcosms without Fe(III) and humic substances did not show 
degradation of MTBE in aquifer soils.  Using 14C-MTBE, the biodegradation products were 
identified as CO2 and methane.  TBA was also degraded to CO2 and methane in aquatic sediments.  
In both soil types, the lag period prior to the onset of MTBE biodegradation was 250-300 days. 
Even though ether types of compounds are generally considered to be recalcitrant under 
anaerobic conditions, recent research on anaerobic biodegradation of MTBE indicates that it is 
possible to enhance the process under conditions commonly found in subsurface environments.  
Analogous to MTBE, the recent findings on aerobic and anaerobic biodegradation of 1,4-dioxane 




The broad objective of the proposed work is to elucidate the potential of in situ 
bioremediation of 1,4-dioxane plumes.  The specific objectives are: 
1. To determine if it is possible to biodegrade 1,4-dioxane in aquifers that are 
contaminated with concentrations as high as ~1,500 mg·L-1.  This is orders of magnitude higher 
than typical sites contaminated with 1,4-dioxane and applied to a select few sites where 1,4-
dioxane was synthesized or used as a chemical intermediate.  Biostimulation with propane and 
bioaugmentation with a propanotrophic culture will be investigated.  
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2. To isolate microbes from contaminated aquifers that are able to biodegrade 1,4-
dioxane as a sole source of carbon and energy.   
3. To determine if growth of isolates on substrates other than 1,4dioxane will lead to 
curing of the plasmids that carry essential genes for initiating aerobic biodegradation.  The 
substrates to be evaluated are ones that are typically used as electron donors used to anaerobically 
remediate chlorinated solvent plumes.  The concern stems from potential migration of excess 
donor along with 1,4-dioxane into downgradient edges of a contaminant plume that become 
aerobic. 
4. To examine the movement of 1,4-dioxane degrading microbes through pourous 
media (sand and silt), so as to assess their potential use in bioaugmentation.    
5. To improve assessment of in situ biodegradation of 1,4-dioxane by developing a 
14C assay for quantifying first order rate coefficients.  The assay will be validated with microbes 
known to metabolize and co-oxidize 1,4-dioxane.     
6. To apply the 14C assay to groundwater microcosms using samples from 10 
geographically diverse locations.      
7. To assess the potential for anaerobic biodegradation of 1,4-dioxane in microcosms 
prepared with soil and groundwater from four contaminated sites.  Several anaerobic electron 
accepting conditions will be evaluated, including nitrate, iron, chelated iron, and sulfate.    
Meeting these objectives will help to elucidate the potential of in situ bioremediation of 
1,4-dioxane plumes.  The intended outcome is to improve the technical basis for remedial project 
managers (RPMs) to evaluate and select low cost and effective remediation strategies.   
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2. AEROBIC BIODEGRADATION OF 1,4-DIOXANE AT ELEVATED CONCENTRATIONS IN 
RESPONSE TO BIOSTIMULATION AND BIOAUGMENTATION 
2.1 Abstract 
Microcosms with groundwater and soil were set up to test cometabolism of 1,4-dioxane 
potential using propanotrophs at high concentrations of 1,4-dioxane (>5 mg·L-1) for one 
contaminated site in the Europe.  Three treatments were used: 1) unamended, only oxygen; 2) 
biostimulated with propane, oxygen and no culture (ENV487) added; 3) bioaugmentation, oxygen 
and propane.  Three sets of microcosms for different levels of 1,4-dioxane were used, 1,500 mg·L-
1  being the highest at the up-gradient section, followed by 450 and 6 mg·L-1 for the mid and down-
gradient respectively.  Bottles were incubated on the benchtop and supplied with oxygen and 
propane for the amended sets until all 1,4-dioxane was degraded.  Sets amended with propane only 
confirmed the presence of indigenous propanotrophs and inoculation of the culture (ENV487) 
enhanced the degradation rate for 1,4-dioxane.  Nutrients (Basal Salt Medium) were required to 
completely degrade 1,4-dioxane in some cases.  The mid-gradient set confirmed the presence of 
1,4-dioxane-degraders, this was achieved once nutrients were added into the unamended bottles.  
Calculated transformation yields were not comparable to those obtained by the culture under ideal 
conditions, but were relatively higher than the ones addressing chlorinated ethenes and ethanes. 
2.2 Introduction 
Several types of bacteria can biodegrade 1,4-dioxane metabolically.  One of the most well 
studied is Pseudonocardia dioxanivorans CB1190 (Grostern et al., 2012; Mahendra and Alvarez-
Cohen, 2005; Sales et al., 2011).  Other bacteria are capable of co-metabolically degrading 1,4-
dioxane during or following growth on a primary substrate that induces the expression of 
monooxygenases.  Such substrates include tetrahydrofuran (THF), short chain aliphatic 
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compounds (including methane and propane), and toluene (Lippincott et al., 2015).  Thus far, at 
least 36 cultures have been identified that are capable of degrading 1,4-dioxane aerobically, 20 
metabolically (Table 3-1) and 16 co-metabolically (Table 3-2).  The ability to utilize 1,4-dioxane 
as a growth substrate depends on a bacteria’s ability to process the metabolites formed from the 
initial oxygenase attack on the ring structure (Mahendra, 2007).  Bioremediation based on 
cometabolism has been reported to be an efficient strategy to achieve contaminant levels below 
regulatory guidelines, because the microbes involved generate sufficient metabolic resources from 
the primary substrate (Lippincott et al., 2015).  Among the various primary substrates, propane is 
advantageous because it is readily available, non-toxic, convenient to use, relatively inexpensive, 
dissolves adequately in water, and many soils contain indigenous propanotrophs. 
The reported median maximal concentration detected in 1,4-dioxane plumes is 365 µg·L-1 
(Adamson et al., 2015).  The low concentrations usually stem from the fact that one of the most 
common uses of 1,4-dioxane was as a stabilizer for chlorinated solvents.  Consequently, 1,4-
dioxane was often a minor component of chlorinated solvents used in industry.  However, at a few 
sites, much higher 1,4-dioxane levels exist, e.g., at locations where 1,4-dioxane was manufactured 
or where it was used as a chemical intermediate (Sei et al., 2013b).  At such sites, contamination 
levels above 10 mg·L-1 or higher have been reported.  Relatively little is known about the 
biodegradation of 1,4-dioxane at these elevated concentrations.  Furthermore, most prior studies 
that have investigated higher concentrations of 1,4-dioxane have been performed with industrial 
wastewater and activated sludge (Masuda et al., 2012; Parales et al., 1994), rather than with 
samples from aquifers.  The main objective of this study was to evaluate biodegradation of 1,4-
dioxane with soil and groundwater from a site where concentrations range from ~1,500 mg·L-1 in 
the source zone, to 450 mg·L-1 at a midpoint of the groundwater plume, and to 6 mg·L-1 at a 
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downgradient location.  Treatments included unamended, biostimulation with propane, and 
bioaugmentation with a propanotrophic culture supplemented with propane. 
2.3 Materials and Methods 
2.3.1  Microcosms 
Microcosms (160 mL serum bottles) were prepared using soil (20 g) and groundwater (50 
mL) from an industrial site in Europe.  Soil cores and groundwater from three sections of the site 
(up, mid and down-gradient) were collected and shipped to Clemson University on ice.  Three 
treatments were prepared for each set of samples, in triplicate: 1) unamended; 2) biostimulation 
with propane; and 3) bioaugmentation with the propanotrophic enrichment ENV487 supplemented 
with propane.  The concentration of oxygen in the headspace of the bottles was monitored; when 
it dropped below 5%, the headspace was sparged with room air, restoring the oxygen to 21%. 
The initial concentrations of 1,4-dioxane were 1,500, 450 and 6 mg·L-1 for the up, mid and 
down-gradient, respectively.  The initial amount of propane added was 6 mL (244 µmol) per bottle.  
When considering partitioning between the headspace (99 mL) and liquid (50 mL; the soil 
occupied 11 mL) based on a dimensionless Henry’s Law constant of 29.11 at 23 ⁰C, this was 
equivalent to an aqueous phase concentration of 3.7 mg·L-1.  The initial mass ratio of 1,4-dioxane 
to propane in the microcosms was 5.9, 2.04 and 0.03 for the up, mid and down-gradient, 
respectively. 
ENV487 was added to the microcosms after being grown in basal salt medium (BSM), 
with propane serving as the growth substrate.  The biomass concentration reached approximately 
650 mg·L-1 of protein (quantified by MicroBCA, Thermo Scientific®); 0.5 mL of the mixed 
culture was added, resulting in an initial concentration of 6.5 mg·L-1 of protein.  Microcosms were 
incubated quiescently at room temperature (22-24°C) on the benchtop. 
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2.3.2  Chemicals 
The sources and purity of used chemicals were as follows: 1,4-dioxane (99%) from Sigma 
Aldrich; oxygen (99.5%) from National Welders; hydrogen (99.99%) and propane (99.5%)  from 
Airgas; nitrogen (99.99%) from National Welders.  Reagents for the protein assay include 
MicroBCA (Thermo Scientific®), sodium hydroxide (ACS grade) from Amresco Inc., sodium 
bicarbonate (99.7%) from J.T. Baker and hydrochloric acid (ACS grade) from EMD Chemicals. 
2.3.3  Cultures 
ENV487 is a mixed culture of propanotrophs received in BSM, courtesy of Dr. Robert 
Stefan at Chicago Bridge & Iron, Inc.  The composition of BSM (Hareland et al., 1975) was 
modified in order to reduce the amount of organic chelator (nitrilotriacetic acid, NTA) (Barajas-
Rodriguez and Freedman, 2018).  ENV487 was grown at room temperature (22-24°C) in 2.6 L 
glass bottles containing 1.5 L of BSM and 20% propane/80% air (v/v) in the headspace.  The 
bottles were incubated at room temperature on a shaker table (100 rpm).  Oxygen in the headspace 
was maintained above 5% during biomass growth by periodic addition of pure oxygen. 
After growing the culture on propane in BSM, harvesting was done when microbial activity 
was close to the stationary phase to obtain the inoculum used in the experiments.  The cells were 
centrifuged (10,750xg for 15 min, RC5C High Speed Centrifuge), the liquid was decanted, and the 
pellet was resuspended in BSM.  This was repeated three times.  It was assumed that cells harvested 
during the stationary phase still produced the necessary enzymes to carry out cometabolism. 
 
 
2.3.4  Analytical Techniques 
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1,4-Dioxane was monitored by gas chromatography (GC). Samples from the microcosms 
(0.3 mL) were filtered (13 mm, 0.2 µm PTFE, VWR) and placed in 500 µL glass inserts in 2.0 mL 
GC vials.  Injections by an autosampler (1.0 µL) were made onto a Zebron ZB-624, 60 m x 0.32 
mm ID x 1.80 µm df column (Phenomenex) in a Hewlett Packard 5890 Series II Plus gas 
chromatograph, equipped with a flame ionization detector (FID).  Hydrogen was used as the carrier 
gas (1.00 mL·L-1).  The temperature program was 40 ºC for 5 min, then increased to 90 ºC at 6.0 
ºC min-1 and held for 3 min, for a total run time of 16.33 min.  The injector and detector 
temperatures were 180 ºC and 260 ºC, respectively.  The lowest quantifiable concentration was 1 
mg·L-1.  To achieve a lower quantifiable concentration, an alternate method of sample preparation 
method was used.  Micro-frozen extractions of aqueous samples using dichloromethane (DCM) 
were prepared by adding 3.0 mL of filtered aqueous samples to a 4 mL glass vial in which 0.6 mL 
of DCM was added.  This gives a volumetric sample to DCM ratio of 5.0.  The mixture was then 
capped with a screw-on lid equipped with a Teflon-faced septum.  The vials were vortexed for 15 
s to ensure adequate mixing of both liquid phases.  The vials were then placed upside down in a 
glass beaker, to allow the DCM phase to be in contact with the septum.  The beaker with the 
samples was placed in a freezer (-20°C) at a 45° angle for one hour.  After the aqueous phase in 
the vials was frozen, an aliquot of approximately 300 µL from the DCM phase was taken rapidly 
and carefully to prevent any melting of the water phase and then placed into a GC vial.  The GC 
method used to quantify 1,4-dioxane in DCM was the same as that described above, except that 
the injection volume was set at 3.0 µL.  The lowest detectable concentration was 25 µg·L-1. 
For propane, headspace samples (0.5 mL) from the microcosms were injected onto a GC 
equipped with an FID and a RESTEK, Stainless Packed Column (Part No. 80473-800, C42898-
01, Molesieve 5A 60/80, 6 ft, 2 mm ID).  The carrier gas was N2 (30 mL·min
-1).  An isothermal 
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program was set at 80 ºC for 5 min.  The injector and detector temperatures were set at 200 ºC.  
Response factors were determined based on the GC response and the total amount of propane in 
the bottle.  Assuming the headspace and the aqueous phases were in equilibrium, the total propane 




          (2 − 1) 
where Cl is the concentration in the liquid phase (µM); M is the total mass present (µmol·bottle-1); 
Vl is the volume of the liquid in the bottle (L); Vg is the volume of the headspace in the bottle (L); 
and HC is the Henry’s constant ((mol·m
-3·gas concentration)(mol·m-3 liquid concentration)-1) at 
23°C (LaGrega et al., 2010). 
Oxygen was monitored by injecting a headspace sample (0.5 mL) onto a gas 
chromatography equipped with a thermal conductivity detector (TCD) and a 3.175-mm x 3.25-m 
100/120 Carbosieve SII column (Supelco).  N2 was used as the carrier and reference gas (50 mL 
min-1).  The oven and TCD were isothermal (both 105°C). 
Protein was quantified using a modified version of the MicroBCA assay (Thermo 
Scientific®). Bovine serum albumin (BSA) was used as a standard.  Samples (0.9 mL) were mixed 
with sodium hydroxide (0.1 mL, 10 M) by vortexing and placed in a water bath (90ºC, 10 min).  
Aliquots of the lysate were neutralized (pH 6.5-7.5) using HCl (80-95 μL, 11.64 M) and 
bicarbonate (0.5 mL, 0.5 mM NaHCO3).  Samples (1 mL) were then mixed with MicroBCA 
Working Reagent (1 mL), incubated in a water bath (60ºC, 1 h), cooled (25 min), and checked for 
absorbance (Genesys 20 UV-visible spectrophotometer, Thermo Scientific®) at 562 nm.  Protein 
was assumed to constitute 50% of the mass of biomass (Grady Jr et al., 2011). 
2.3.5  1,4-Dioxane Degradation Rate and Transformation Yield Constant Determination 
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Degradation rates for 1,4-dioxane were obtained  based on the slope of the natural 
logarithm for 1,4-dioxane levels versus time (Grady Jr et al., 2011).  Averages were determined 
for triplicate bottles for each treatment.  Transformation yields (Ty) were estimated based on the 
amount of 1,4-dioxane and propane consumed (Zenker et al., 2002). 
2.4 Results 
1,4-Dioxane levels and cumulative propane consumed in microcosms for each treatment 
and each segment of the contaminant plume presented in Figure 2-1.  In the up-gradient 
microcosms, the high initial concentration of 1,4-dioxane (~1,500 mg·L-1) was consumed in ~450 
days in the bioaugmented treatment and ~550 days in the biostimulated treatment.  Activity in the 
biostimulated treatment confirmed the presence of indigenous propanotrophs.  An average of 
126±5 mg of propane per bottle was consumed.  Both treatments responded favorably to periodic 
addition of nutrients (BSM).  Nutrient injections were made on days 310, 393, 489, 519, and 536 
for the biostimulated treatment; days 310 and 393 for the bioaugmented treatment; and on day 546 
for the unamended treatment.  Each addition of nutrients was done whenever the rate of 
degradation slowed down.  1.4-Dioxane levels remained most unchanged in the unamended 
treatment even after 1,000 days of incubation.  The behavior of the individual up-gradient 
microcosms is presented in Figures S2.3-1 to S2.3-7. 
In the mid-gradient microcosms (Fig. 2B), biodegradation of ~450 mg·L-1 was complete 
in ~120 days in the bioaugmented treatment and 440 days in the biostimulated treatment.  Four 
additions of propane were consumed in the bioaugmented bottles, totaling 42 mg propane.  In the 
biostimulated treatment, more propane (six additions, totaling 59 mg per bottle) was required to 
achieve complete degradation of the 1,4-dioxane.  The major difference between the mid- and up-
gradient microcosms was the complete removal of 1,4-dioxane in two of the three unamended 
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bottles for the mid-gradient treatment.  In these, growth of 1,4-dioxane degrading cells was 
apparent from the presence of microbial biofilm in the form of white flakes that adhered to the 
glass wall of the bottles.  This is similar to what happens when the pure culture P. dioxanivorans 
CB1190 is grown on 1,4-dioxane in BSM (Chapter 3).  The onset of degradation in the microcosms 
occurred after adding 2 mL of BSM on days 385 and 546.  BSM was also added on day 385 to one 
of the three biostimulated bottles, in which the rate of degradation slowed appreciably after ~93% 
of the 1,4-dioxane had been removed. 
Following complete removal of 1,4-dioxane in two of the three unamended bottles, two 
more additions of 1,4-dioxane were made (20 and 100 mg·L-1) and consumed, providing further 
evidence for the presence of indigenous microbes capable of using 1,4-dioxane as a sole source of 
carbon and energy.  The behavior of the individual mid-gradient microcosms is presented in 
Figures S2.4-1 to S2.4-7. 
1,4-Dioxane levels and cumulative propane consumed for the down-gradient microcosms 
are presented in Figure 2-1C.  Complete degradation of 1,4-dioxane occurred at the highest rate in 
the bioaugmented bottles, followed by the biostimulated ones.  The presence of indigenous 
propanotrophs was further confirmed.  Biodegradation continued in the bioaugmented bottles 
through day 477 (data not shown) even after propane additions were stopped on day 92.  A total 
of 43 mg of propane was consumed in the bioaugmented treatment and 50 mg in the biostimulated 
bottles.  After not seeing evidence of 1,4-dioxane biodegradation in the unamended treatment, 
BSM was added on days 477 and 606 days.  However, there was no discernable degradation of 
1,4-dioxane even after ~1,200 days of incubation.  The behavior of the individual down-gradient 
microcosms is presented in Figures S2.5-1 to S2.5-7. 
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Transformation yields (Ty) for the biostimulated and bioaugmented treatments (Fig. 2-2) 
were estimated using two approaches.  The first involved dividing the total amount of 1,4-dioxane 
consumed by the total amount of propane consumed over the entire incubation period (shown as 
“Last point” in the legend).  The second involved plotting the cumulative amount of 1,4-dioxane 
consumed against the cumulative amount of propane consumed and taking the slope of the linear 
portion of the data (shown as “Slope” in the legend).  There was reasonable agreement between 
the approaches.  The transformation yields were approximately 50% higher for the up-gradient 
versus mid-gradient, which in turn were several fold higher than the down-gradient.  This is likely 
a reflection of the lower ratio of propane to 1,4-dioxane as the initial concentration of 1,4-dioxane 
increased.  The more propane that was available relative to the 1,4-dioxane, the more that was 
likely consumed without enhancing 1,4-dioxane degradation.  This is further emphasized by the 
Ty results for ENV487, which were obtained under ideal culture conditions.  The data used to 
obtain the Ty values is presented in Figures S2.2-1 to S2.2-6. 
Pseudo-first order degradation rate coefficients for cometabolism of 1,4-dioxane increased 
in the bioaugmented treatments as the initial concentration decreased (Fig. 2-3).  With the 
biostimulated treatment, the mid-gradient rate coefficient was lower than the up-gradient but was 
highest for the down-gradient.  Data used to determine the rate coefficients are presented in Figures 
S2.1-1 to S2.1-6. 
2.5 Discussion 
This is the first report to demonstrate microbial biodegradation of 1,4-dioxane in samples 
from a contaminated aquifer at concentrations above 1,500 mg·L-1.  The highest concentration 
previously tested was 9,000 mg·L-1 for industrial sludge (Parales et al., 1994).  Although the 
majority of sites within the United States have much lower concentrations of 1,4-dioxane, the 
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results are of interest for select sites with much higher levels.  The site evaluated has indigenous 
propanotrophs capable of cometabolizing 1,4-dioxane, although bioaugmentation increased the 
rate of degradation. 
For several of the treatments, nutrient addition was needed to completely degrade the 
remaining 1,4-dioxane.  This suggests that the field application of bioremediation at the site may 
be limited by the availability of nutrients.  Addition of nutrients is widely practiced (Braddock et 
al., 1997; Lippincott et al., 2015; Zhang et al., 2016).  
The ratio of the mass of 1,4-dioxane consumed over the mass of primary substrate 
consumed is one metric that describes the performance of the culture.  Ty for the up-gradient 
treatment was four times lower than the one obtained under ideal conditions (in medium), whereas 
it was five times lower for the mid-gradient set and one to two orders of magnitude lower for the 
down-gradient set.  The lowest Ty values for the down-gradient treatment were likely a 
consequence of adding an excess of propane relative to the mass of 1,4-dioxane.  Ty values for 
cometabolism of other contaminants, such as chlorinated ethenes and ethanes using methane, 
phenol, butane or propane as the primary substrates, are one or two orders of magnitude lower 
(Anderson and McCarty, 1997; Hopkins et al., 1993; Jitnuyanont et al., 2001).  A Ty value of 1.4 
mg 1,4-dioxane per mg THF (tetrahydrofuran as the primary substrate) was reported by Zenker et. 
al. (2002).  Overall, this indicates that cometabolism of 1,4-dioxane by propanotrophs is a more 
efficient process with respect to utilization of the primary substrate. 
Pseudo-first order degradation rates obtained in this study (Figure 2-3) are comparable to 
what Lippincott et al. reported (0.021 to 0.036 day-1) for the propanotrophic bacterium 
Rhodococcus ruber ENV425 (Lippincott et al., 2015).  These rate coefficients are approximately 
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100 times higher than what has been reported for natural attenuation of 1,4-dioxane based on field 
data from the Gelman Site beneath the city of Ann Arbor, Michigan (Jackson and Lemke, 2019). 
Degradation of 1,4-dioxane in the unamended bottles indicated the presence of indigenous 
metabolic degraders in the mid-gradient microcosms.  This is of interest because relatively few of 
the microbes identified thus far with the ability to use 1,4-dioxane as a sole source of carbon and 
energy have come from aquifers; most have been isolated from industrial wastewater.  Further 
enrichment and isolation of a microbe from the mid-gradient microcosms is described in Chapter 
3.  The high concentration of 1,4-dioxane in the up-gradient location may be inhibitory to growth 
on 1,4-dioxane.  It is unclear why 1,4-dioxane was not used as a sole substrate in the down-gradient 
microcosms.  Regardless, having identified microbes with this ability at the site, it may be possible 
to enrich them and then bioaugment with that culture along the length of the plume.  However, any 
method of aerobic treatment will be challenging, given the very high oxygen demand.     
2.6 Conclusions 
Biodegradation of 1,4-dioxane was observed at concentrations as high as ~1500 mg·L-1 in 
microcosms prepared with soil and groundwater from a contaminated aquifer.  Aerobic 
cometabolism of 1,4-dioxane at high concentrations is feasible with propanotrophs.  Treatments 
with biostimulation alone and with bioaugmentation consumed 1,4-dioxane to below the detection 
limit (<25 µg·L-1).  Indigenous propanotrophs were found in all treatments that were biostimulated, 
and an indigenous 1,4-dioxane-degrader was obtained in two of three microcosms from the mid-
gradient treatment.  Bioaugmentation with the mixed culture ENV487 enhanced the degradation 
rate over indigenous propanotrophs. 
First order rate coefficients were similar to ones reported for a field study of propane 
biosparging.  Transformation yields were lower than values obtained under ideal conditions (i.e., 
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medium instead of groundwater and soil), but were notably higher than the transformation yields 
for chlorinated ethenes and ethanes.    
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2.7  Figures for Chapter 2 
 
Figure 2-1.  1,4-Dioxane and propane in microcosms for the A) up-gradient; b) mid-gradient; and 
C) down-gradient portions of the groundwater plume.  -/- stands for no propane (-) and no culture 
added (-); +/- stands for propane added and no culture added; +/+ stands for propane added and 
culture added.  Arrows indicate addition of BSM.  Each point is the average of triplicates; error 




Figure 2-2.  Transformation yields for each treatment and comparison to ENV487 in BSM.  +/- 
stands for propane added and no culture added; +/+ stands for propane added and culture added.  




Figure 2-3.  Pseudo first-order degradation rate coefficients for1,4-dioxane biodegradation.  +/- 
stands for propane added and no culture added; +/+ stands for propane added and culture added.  











































3. CHARACTERIZATION OF ISOLATES FROM CONTAMINATED AQUIFERS THAT 
AEROBICALLY METABOLIZE 1,4-DIOXANE 
3.1 Abstract 
Isolation and characterization of two microbes capable on growing on 1,4-dioxane were 
obtained from two environmental samples contaminated with 1,4-dioxane.  Based on the 16S 
rRNA sequencing both isolates pertain to the Pseudonocardia dioxanivorans, and strain 
designations of BERK-1A and BERK-1B were given.  Both strains show phenotypic and 
physiologic similarities to the strain from the same species P. dioxanivorans CB1190.  Analyses 
performed through the whole genome sequencing showed BERK-1A and BERK-1B were different 
strains from CB1190, however no evidence was seen to suggest BERK-1A and BERK-1B were 
different strains.  A Monod kinetic model was able to describe the culture’s growth and the 
metabolic capabilities for one of the isolates, and all quantified parameters were the same order of 
magnitude than the ones reported for strain CB1190.  Plasmid curing was not feasible when cells 
were exposed to other type of substrates suggested to be used for chlorinated solvents remediation 
(lactate and EVO), and only was achieved by the use of a rich medium, indicating previous test 
products won´t affect 1,4-dioxane biodegradation.  A preliminary bench-scale test with sand 
columns suggested the isolate BERK-1A tends to move faster than CB1190, giving it an advantage 
for in situ bioaugmentation applications.  It is concluded that CB1190 is a distinct strain from 
BERK-1A and BERK-1B, whereas there is no enough evidence to claim BERK-1A and BERK-
1B are different strains. 
 
 
3.2  Introduction 
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Degradation of contaminants by microorganisms has emerged as a promising remediation 
strategy for groundwater.  Several types of bacteria have been reported to be capable of 
biodegrading 1,4-dioxane metabolically.  Up to date there are 20 reported cultures that can grow 
on 1,4-dioxane aerobically (Table S3.1-1).  Given the ability of several bacteria to degrade 1,4-
dioxane either metabolically or cometabolically, bioremediation of 1,4-dioxane-contaminated sites 
should be possible.  Although microbes capable of growing on 1,4-dioxane may be present in 
nature, they may not be ubiquitous.  From the reported cultures that degrade 1,4-dioxane 
metabolically, only four come from contaminated aquifers (Nelson et al., 1986; Stringfellow and 
Alvarez-Cohen, 1999; Sun et al., 2011; Yamamoto et al., 2017b).  Many contaminated sites appear 
to either lack or have a low density of the necessary microbes.  In such instances, bioaugmentation 
may be required.  Although injection of microbial cultures into aquifers has gained wide 
acceptance, the practice is largely empirical.  Pseudonocardia and Rhodococcus are examples of 
microbes that are being considered for use in bioaugmentation to treat 1,4-dioxane (Kelley et al., 
2001; Lippincott et al., 2015).  Transport of Pseudonocardia poses interesting challenges, since 
they tend to clump together when grown to high densities, a property that may inhibit their 
movement in aquifers. 
This study reports on the isolation and characterization of two microbes that metabolize 
1,4-dioxane.  Both isolates originated from contaminated aquifers.  Whole genome sequencing 
was used to establish their identity at the strain level.  Characterization included measurement of 
Monod kinetic parameters under intrinsic growth conditions.  Candidates for in situ bioremediation 
such as P. dioxanivorans CB1190 present some application challenges, because the culture tends 
to form clumps and filaments and attach to surfaces when grown in media, rather than remaining 
suspended in solution.  The ability of one of the isolates to migrate through porous media was 
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compared to the P. dioxanivorans CB1190, perhaps the most widely studied microbe known to 
grow on 1,4-dioxane.  An ability to move through porous media is a prerequisite for any culture 
being considered for use in bioaugmentation of a contaminated aquifer. 
1,4-Dioxane plumes tend to commingle with chlorinated solvent plumes (Adamson et al., 
2014), which are commonly treated by the addition of an electron donor (e.g., lactate or emulsified 
vegetable oil (EVO)) to induce anaerobic reductive dechlorination.  If residual electron donor 
moves with 1,4-dioxane into an aerobic zone, it is possible these organic compounds or their 
fermentation products (e.g., acetate and propionate) could inhibit 1,4-dioixane degradation by 
inducing loss of the plasmids responsible for 1,4-dioxane biodegradation.  Monooxygenase attack 
on the 1,4-dioxane ring and a subsequent reaction with aldehyde dehydrogenase are critical initial 
steps in the biodegradation process.  The genes for these enzymes are carried on a plasmid 
(Grostern et al., 2012).  It is possible that the presence of easily degradable substrates such as 
lactate, acetate, propionate, and EVO might induce loss of the plasmids that are essential for 1,4-
dioxane biodegradation, thereby inhibiting attenuation.  One of the aims of this study was to 
evaluate if growth on lactate and EVO induces loss of plasmids. 
3.3  Materials and Methods 
3.3.1  Enrichment Cultures  
Enrichment cultures were started using inoculum from microcosms containing 
groundwater and soil from two sites contaminated with 1,4-dioxane.  One of the sites is in Europe 
and the microcosm results are presented in Chapter 2.  As shown in Figure 2-1B, the unamended 
mid-gradient microcosms were able to biodegrade 1,4-dioxane.  The second site is in the 
southeastern United States.  Arve (2015) described the microcosm results.  Consumption of 1,4-
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dioxane in unamended microcosms from an initial concentration of ~17 mg·L-1 suggested the 
presence of microbes capable of using the contaminant as a major source of carbon and energy. 
Enrichments were prepared in triplicate, in 160 mL serum bottles with 99 mL of 
ammonium mineral salt medium (AMSM) (Parales et al., 1994).  A well-mixed aliquot (1 mL) 
was withdrawn from each microcosm and composited.  An aliquot (1 mL) was distributed to each 
enrichment bottle.  The concentration of 1,4-dioxane was increased from 20 to 100 mg·L-1.  The 
bottles were sealed with butyl rubber stoppers and capped with aluminum crimp caps.  Bottles 
were stored at room temperature (22-24°C) on a shaker table (100 rpm) to ensure an adequate rate 
of oxygen transfer.  Oxygen levels were monitored in the headspace; when levels dropped below 
5%, the bottles were sparged with room air passed through a sterile filter (13 mm, 0.2 µm PTFE, 
VWR) for 5 min. 
3.3.2  Isolation of Aerobic 1,4-Dioxane Metabolizing Bacteria 
Samples from the enrichment cultures were streaked on Noble Agar (2.0% (wt/v), Difco) 
plates using AMSM amended with 50 mg·L-1 of 1,4-dioxane and incubated quiescently in the dark 
at 30°C.  Streaking was performed several times until individual colonies grew apart from each 
other.  Individual colonies were picked and placed in AMSM amended with 20 mg·L-1 of 1,4-
dioxane.  Bottles that showed 1,4-dioxane degradation were designated as pure cultures.  
Confirmation of the purity of the microbe was achieved based on microscopic evaluation for 
uniform morphology and by sequencing the 16S rRNA gene (>98% match) for one of the colonies 
that served as the inoculum for the pure bacterium in medium. 
3.3.3  16S rRNA Gene Sequencing and Characterization 
Initial phylogenetic characterization was performed by 16S rRNA gene sequencing (Nübel 
et al., 1997).  Genomic deoxyribonucleic acid (DNA) was extracted from the isolated colonies on 
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streak plates using the microbial DNA isolation kit DNeasy PowerLyzer (QIAGEN).  Partial 
sequences of the 16S rRNA (ribosomal ribonucleic acid) gene were amplified using Taq PCR Core 
Kit (QIAGEN).  The primer sets used for amplification were 8F with 1492R (Turner et al., 1999) 
and 519F with 806R (Gonzalez-Martinez et al., 2015) (Table S3.1-3).  The following thermal 
profile was used: initial denaturation at 94°C for 3 min; 32 cycles of denaturation at 94°C for 1 
min, annealing at 50 for 1 min, extension at 72°C for 2 min; and final extension at 72°C for 5 min.  
The amplified segment was purified using the QIAquick PCR Purification Kit (QIAGEN).  
Amplified segments were confirmed by gel electrophoresis.  Samples were prepared following the 
specifications of the sequencing service provider.  The 16S rRNA gene segment was sequenced 
by Sanger sequencing at Clemson University Genomics Institute (Clemson, South Carolina).  
Sequences were assembled using CAP3 (http://doua.prabi.fr/software/cap3) and compared with 
sequences in the National Center for Biotechnology Information (NCBI) database, using the 
BLAST search program (https://blast.ncbi.nlm.nih.gov/Blast.cgi).  Closely related sequences were 
obtained from GenBank.  The sequences were aligned using MUSCLE (Edgar, 2004) in MEGA 
X interface (Kumar et al., 2018), and a phylogenetic tree was produced using Maximum 
Likelihood Bootstrap (Kishino and Hasegawa, 1989).  DNA from strain CB1190 was also 
extracted and subjected to 16S rRNA gene sequencing along with the isolates obtained in this 
study.  For the phylogenetic tree, a list of different Pseudonocardia spp. was used to place the 
isolates in relation other close relatives (Table S3.2-1).  A list of 22 species of Pseudonocardia 
and outgroups was selected based on the 16S rRNA-based phylogenetic tree for CB1190 reported 





3.3.4  Whole Genome Sequencing  
As will be shown, it was not possible to distinguish the isolates obtained in this study from 
CB1190 based on their 16S rRNA gene segment, yet the physiological properties of the isolates 
suggested they are different strains.  To assess their relatedness at the strain level, the isolates were 
subjected to whole-genome sequencing, performed at the Microbiome Core Facility at the 
University of North Carolina (UNC) at Chapel Hill.  DNA was extracted from a single colony on 
plates for CB1190 and the isolate from the southeastern US site.  For the isolate obtained from the 
European site, DNA was extracted from suspended cells in medium (amended with 1,4-dioxane).  
Specifications for the sequencing are presented in Chapter 4.  Whole genome sequences were 
subjected to the following set of analyses to ascertain if the isolates are different strains.   
Gene-to-Gene Comparison: Whole genomes were uploaded to the Rapid Annotation using 
Subsystem Technology (RAST) (Overbeek et al., 2014) to annotate each gene present in the 
sequence.  Gene annotation for bacteria was performed by using the RASTtk scheme (Brettin et 
al., 2015), which automatically fixes errors for overlapping RNAs or genes embedded inside other 
genes, as well as frameshifts.  Annotated genomes were uploaded to RAST for gene-to-gene 
comparison. 
Gene-based Phylogeny: A multiple sequence alignment using gene anchors was 
constructed for RecA, toluene-4-monooxygenase (TmoD) and sortases.  RecA and toluene-4-
monooxygenase are considered to be functionally stable markers that can be used as alternative 
phylogenetic markers (Larentis et al., 2013; Thompson et al., 2004).  Sortase genes are used as an 
indirect approach to evaluate a specific subgroup of extracellular proteins that contains the cell 
wall-sorting motif LPxTG, which is part of a subgroup of extracellular proteins that contribute to 
adherence of bacteria to surfaces (Boekhorst et al., 2005). 
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RecA and toluene-4-monooxygenase genes were obtained from the post-annotated genome 
in RAST for each strain and used to build a multiple sequence alignment to subsequently construct 
a gene-based phylogenetic tree.  Alignment and construction of the phylogenetic tree were done 
using the same approach for analyzing the 16S rRNA sequence. 
Sortase gene sequences were obtained by blasting the sequence from P. dioxanivorans 
(accession number WP_013673298) from GenBank (NCBI) against the whole genomes to pull out 
the gene sequences.  Alignment and construction of the phylogenetic tree was done using the same 
approach from analyzing the 16S rRNA sequence.  Blasted results for the sortase gene in all the 
strains are shown in Table S3.1-4. 
Conserved Signature Indels (CSIs) Based Whole-genome Phylogenic Tree by 
CSIPhylogeny: An anchor-based whole genome phylogenic analysis was performed using CSIs.  
CSIs are genetic changes that are useful phylogenetic markers, have a defined size, and are flanked 
on both sides by conserved regions to ensure their reliability (Gupta, 2014; Naushad et al., 2014).  
CSIs in sequences provide an important category of molecular markers for understanding 
phylogenetic relationships (Ahrenfeldt et al., 2017; Naushad et al., 2014). 
Whole genome sequences were submitted to CSIPhylogeny web-server (Center for 
Genomic Epidemiology, https://cge.cbs.dtu.dk/services/CSIPhylogeny/).  CSI phylogenetic 
analysis was performed using default parameters. 
Average Nucleotide Identity (ANI) Analysis with FastANI: ANI is the mean nucleotide 
identity of orthologous gene pairs shared between two microbial genomes (Ciufo et al., 2018; 
Varghese et al., 2015).  ANI analysis has emerged as a robust method for assessing genetic 
relatedness between two genomes, with organisms belonging to the same species typically 
showing ≥95% ANI among themselves (Ciufo et al., 2018; Jain et al., 2018).  ANI was evaluated 
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through FastANI, an algorithm for efficiently computing pairwise average nucleotide identities 
among a large set of genomes (Jain et al., 2018).  FastANI was used through the KBase system 
(https://kbase.us/applist/apps/FastANI/fast_ani/release).  FastANI analysis was performed with 
default parameters with assembled whole genome sequences as input. 
Genome-to-Genome Distance Calculator: DNA-DNA hybridization (DDH) was estimated 
using the Genome-to-Genome Distance Calculator (GCDC) v2.1 (Meier-Kolthoff et al., 2013; 
Rogers, 2015). 
3.3.5  Kinetic Parameters 
The approach described by Barajas-Rodriguez and Freedman (2018) was used to determine 
the Monod kinetic parameters for growth of the southeastern US isolate on 1,4-dioxane.  Most of 
the parameters were determined sequentially and independently (Chang and Criddle, 1997).  Table 
S3.1-6 specifies which equations were fit to determine a parameter, which previously determined 
parameters were used as part of the fitting process, the initial concentrations, and the number of 
replicates.  Data was collected from batch assays performed at room temperature (22-24 °C), in 
160 mL serum bottles with 100 mL of liquid, unless specified otherwise.  Henry’s Law constant 
for 1,4-dioxane is sufficiently low (Mohr et al., 2016) that it was assumed to be zero.  Biomass 
and 1,4-dioxane are reported in terms of COD units.  The conversion factors are 1.42 mg COD·mg 
biomass-1 (Grady Jr et al., 2011), and 1.82 mg COD·mg 1,4-dioxane-1. 
The yield (Y) for the southeastern US isolate was measured by inoculating serum bottles 
with a low concentration of biomass and monitoring the increase in protein as 1,4-dioxane was 
consumed.  Yield was determined from the slope of the cumulative of biomass formed versus 
substrate consumed.  To determine the endogenous decay coefficient, the culture was grown in a 
2.5 L bottle containing 1 L of liquid by addition of 1,4-dioxane until the biomass concentration 
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reached 545 mg COD·L-1.  The biomass was then continuously aerated by sparging with air in the 
absence of substrate.  The rate of oxygen uptake was measured several times over a period of 5 
days using a dissolved oxygen polarographic probe (Orion 5 Star, Thermo Scientific®).  The 
biomass decay coefficient was calculated from the slope of the line between the natural logarithm 
of the oxygen uptake rate and incubation time (Grady Jr et al., 2011). 
Batch depletion data for 1,4-dioxane was used to determine the maximum specific growth 
rate (µMAX) and half saturation constant.  Cells were harvested during the stationary phase of growth 
by centrifugation (10,750xg, 15 min) and re-suspended in AMSM.  Serum bottles were inoculated 
with a low concentration of culture and a high concentration of substrate (Table S3.1-6) and 
consumption of substrate was monitored over time.  Assuming endogenous decay is negligible 
during periods of exponential growth, the 1,4-dioxane concentration is high relative to the half 
saturation constant, and the initial biomass concentration is low relative to the new amount formed, 
the maximum growth rate was determined using the following equation: 
𝑑𝑆
𝑑𝑡
= 𝜇𝑀𝐴𝑋 ∙ 𝑆𝑢          (3 − 1) 
where S is the concentration of 1,4-dioxane and Su is the cumulative uptake of 1,4-dioxane over 
time.  By plotting the integrated form of equation 3-1 versus time, the resulting slope gives µMAX.  
The initial ratio of substrate to biomass was greater than 20 on a COD basis (Grady et al., 1996) 
in order to ensure intrinsic conditions, i.e., bacterial performance was not affected by the 
environmental conditions.  Based on µMAX and Y, the maximum specific substrate utilization rate 




          (3 − 2) 
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The half saturation constant for 1,4-dioxane (KS) was determined by fitting the substrate 









𝐾𝑆𝑂 + 𝑂 − 𝑂𝑆𝑀𝐼𝑁






− 𝑏𝑋          (3 − 4) 
where X is the concentration of biomass, O is the concentration of dissolved oxygen, KSO is the 
half saturation coefficient for oxygen during growth substrate utilization, OSMIN is the lowest level 
of oxygen achievable during biodegradation of growth substrate, qSOMAX is the maximum specific 
oxygen utilization rate during biodegradation of 1,4-dioxane  Inclusion of dissolved oxygen is 
essential for capturing its impact on the metabolic biodegradation of 1,4-dioxane, as described 
previously for other substrates (Rashid and Kaluarachchi, 1999; Semprini and McCarty, 1991).  
For the initial experiments, the biodegradation equations focused on biomass growth and substrate 
consumption and were simplified by keeping oxygen in excess. 
To determine the oxygen coefficients, cells were harvested from 2.5 L bottles during the 
stationary phase of growth by centrifugation at (10,750xg, 15 min) and re-suspended in AMSM.  
Triplicate serum bottles were inoculated with culture and a high enough level of 1,4-dioxane (908 
mg COD·L-1) so that it was in excess in comparison to the initial 8.46 mg·L-1 of dissolved oxygen.  
To estimate KSO, batch depletion data for oxygen and 1,4-dioxane were fit to equations 3-3 and 3-
4.  The maximum specific oxygen utilization rate (qSOMAX) was calculated directly from the zero-
order portion of the oxygen depletion data.  The minimum oxygen concentration (OSMIN) was 
calculated based on the final three oxygen measurements; linear regression was used to 
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demonstrate that the slope of the best fit line through these data points was not significantly 
different from zero (p>0.05). 
Aquasim® 2.0 was used to fit batch depletion data to the model equations (Reichert, 1994).  
The simplex method was used for initial optimization, followed by the secant method to obtain the 
standard error (Verce and Freedman, 2000).  Weighting of the data was used to capture the effect 
of low concentration data for KS (Neter et al., 1996; Verce and Freedman, 2000).  When a 
simulation required use of previously determined parameters (e.g., determination of Y, b, qSMAX, 
and KS), those parameters were allowed to vary within their 95% confidence interval during fitting.  
Initial concentrations for 1,4-dioxane were allowed to vary within 10% of measured values.  This 
method resulted in low uncertainties throughout the parameters estimation. 
3.3.6  Chemicals 
The sources and purity of used chemicals were: 1,4-dioxane (99%) from Sigma Aldrich; 
oxygen (99.5%) from National Welders; lactate (60%) from Sigma; sodium propionate from 
Sigma Aldrich; emulsified vegetable oil (EVO) from Newman Zone 5; sodium acetate anhydrous 
from Mallinckrodt; tryptone from BD Biosciences, yeast extract from BD Biosciences, sodium 
chloride from Merck; Bacto agar from BD Biosciences; and DifcoTM Noble agar from BD 
Biosciences.  Reagents for the protein assay include MicroBCA (Thermo Scientific®), sodium 
hydroxide (ACS grade) from Amresco Inc., sodium bicarbonate (99.7%) from J.T. Baker, and 
hydrochloric acid (ACS grade) from EMD Chemicals.  All other chemicals used were reagent 
grade or equivalent. 
3.3.7  Cultures 
Pseudonocardia dioxanivorans CB1190 was supplied courtesy of Dr. Shaley Mahendra 
(University of California at Los Angeles).  Colonies from agar plates were transferred to bottles 
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containing AMSM amended with 100 mg·L-1 (182 mg COD·L-1) of 1,4-dioxane.  The bottles were 
sealed with a gray butyl rubber septum and screw cap and incubated on a shaker table (100 rpm) 
at room temperature.  The culture was maintained by transferring it periodically to fresh AMSM 
containing up to 500 mg·L-1 (910 mg COD·L-1) of 1,4-dioxane, as well as to agar plates with 
AMSM and 1,4-dioxane.  After growing the culture in medium, harvesting was done when 
microbial activity was close to the stationary phase to obtain the inoculum used in experiments. 
3.3.8 Analytical Techniques, Scanning Electron Microscope (SEM), and Capsule Stain Test 
1,4-Dioxane, oxygen, and protein were monitored as described in Chapter 2.  Scanning 
electron microscopy was used to assess the morphological features of the two isolates and P. 
dioxanivorans  CB1190.  Samples were prepared by applying 100 µL of dense cell suspension 
(previously grown in AMSM amended with 1,4-dioxane at 500 mg·L-1) to a glass slide, which was 
allowed to dry overnight at 37°C.  Dried samples were subsequently mounted for imaging without 
coating and imaged using a JOEL 3400 SEM.  
Bacterial capsules are composed of high-molecular-weight polysaccharides and/or 
polypeptides, and are associated with biofilm formation (Breakwell et al., 2009), a characteristic 
well known for Pseudonocardia sp.  A capsule test (Hughes and Smith, 2007) was performed for 
both CB1190 and the southeastern US isolate.  The test was conducted by mixing 5 µL of India 
Ink (in vitro Diagnostic, Becton, Dickson and company) with 5 µL of the liquid culture (previously 
grown in AMSM amended with 1,4-dioxane at 500 mg·L-1) and observed with an ECLIPSE E600 
microscope (Nikon). 
3.3.9  Plasmid Curing  
Lactate, acetate, propionate, and EVO were selected for this experiment based on what 
Grostern et al. (2012) found in their studies regarding upregulated genes that were expressed by 
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strain CB1190 during growth with 1,4-dioxane.  Other substrates such as malic acid, succinic acid, 
xylose, or sucrose could also be good candidates as alternative substrates, as reported by Mahendra 
and Alvarez-Cohen (2005).  Lactate, acetate, propionate, and EVO were selected since these are 
either used as electron donors for the reductive dechlorination or are fermentation products. 
Curing of plasmids was evaluated with P. dioxanivorans CB1190 and the southeastern 
isolate.  Two tests were performed: one using plates (Bacto and Noble agar), the other using liquid 
medium.  For plates, colonies were grown and transferred every 20 days and tested for 1,4-dioxane 
degradation by transfer to liquid medium (AMSM).  Consecutive transfers of colonies onto fresh 
plates were made until four generations were completed.  For the liquid medium test, sterile 
Erlenmeyer flasks with foam plugs were used.  Colonies were picked from plates and suspended 
in 100 mL of AMSM amended with lactate; EVO; acetate; and propionate.  The concentration was 
20 g of chemical oxygen demand (COD) per liter for lactate and EVO; this is similar to the COD 
level for Luria Bertani Broth (LB) (Lennox E.S., 1955), which served as a positive control for the 
plasmid curing process.  Concentrations for acetate and propionate were based on formation of 
one mole of each per mole of lactate.  Calculations are presented in the Appendix, section 3.3.  A 
negative control consisted of flasks with LB without culture; a positive control contained CB1190 
and 1,4-dioxane.  Triplicate sets were used for this experiment.   
Flasks were shaken (100 rpm) at room temperature (22-24°C) until a maximum optical 
density was reached.  Cells were transferred (0.1 mL) into new flasks with fresh medium.  This 
was repeated two more times, completing three generations of re-suspended cells (Table S3.3-1).  
Liquid from each flask was transferred to a sterile centrifuge tube to precipitate cells (10,000 rpm, 
10 min).  Supernatant was carefully decanted and cells washed with AMSM; centrifugation and 
washing were repeated two more times.  Cells were re-suspended in 100 mL of AMSM with 20 
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mg·L-1 of 1,4-dioxane to test degradation of 1,4-dioxane.  For a schematic of the process, see 
Figure S3.3-1. 
A set of flasks inoculated with activated sludge was constructed for all treatments to 
confirm the medium offered a favorable environment for cell growth.  Activated sludge (0.5 mL) 
from a local wastewater treatment plant was added to flasks with medium.  Negative controls for 
the activated sludge consisted of flasks with medium and no inoculum.  For a schematic of the 
process, see Figure S3.3-2. 
3.3.10  Sand and Silt Bench-Scale Columns 
The ability of CB1190 and the southeastern US isolate to move through porous media was 
evaluated in bench-scale columns consisting of glass columns packed of sand or silt (Figure 3-1).  
The column consisted of a glass tube with an inner diameter of 2.2 cm.  The bottom was fitted with 
a glass-wool plug (1.3 cm) and wire mesh, followed by 12.7 cm filled with sand or silt.  Sterile 
foam plugs were used to cover the top of the column and to seal the Erlenmeyer flask in which the 
column was suspended.  A cannula  (placed at the bottom of the flask and extending through the 
foam seal)  was used for sample collection.  The end of the canula outside the flask was capped 
with a sterile filter (13 mm, 0.2 µm PTFE, VWR).  Inoculum consisted 5 mL of cells at a density 
of 0.25 mg ·mL-1.  This was based on the density of Dehalococcoides often used for 
bioaugmentation (⁓109 cells per liter) (Steffan et al., 2010).   
An initial test was performed with activated sludge as the inoculum to validate the bench-
scale column.  Duplicates sand columns were prepared; one was inoculated with activated sludge, 
the other received only sterile medium (negative control).  Luria Bertani (LB) (Lennox E.S., 1955) 
was used as the medium saturating the columns.  For the inoculum, 5 mL of 0.25 mg cells·mL-1 
was placed at the top of the column.  The activated sludge contained ~4,200 mg·L-1 of suspended 
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solids, 66% of which was volatile.  The inoculum consisted of 0.4 mL of activated sludge and 4.6 
mL of AMSM.  The preliminary experiments with activated sludge verified the experimental 
approach.  Approximately 2 days after inoculating the top of the sand columns containing LB, the 
medium in the Erlenmeyer flasks became turbid, indicative of growth.  This indicated the microbes 
moved through the sand in order to reach the medium in the Erlenmeyer flasks.  An increase in 
turbidity did not occur in controls that were not inoculated. 
Three treatments were used: 1) column with recirculation; 2) column without recirculation; 
3) direct inoculation of the medium.  Columns with sterile medium served as negative controls for 
columns with and without recirculation.  Table S3.1-7 provides details on the experimental design.  
For sand as the porous medium, the experimental design included 12 devices with columns and 
flasks and 4 flasks without columns.  After autoclaving, each flask received 100 mL of sterile 
AMSM amended with 100 mg·L-1 of 1,4-dioxane.  The grain size distribution for sand and silt are 
presented in Tables S3.4-1 and S3.4-2, respectively. 
P. dioxanivorans strains CB1190 and the southeastern US isolate were evaluated.  Cells 
were harvested at the exponential phase of growth for each culture (Figures S3.4-1 and S3.4-2).  
The protein content was measured and adjusted so that equal amounts were inoculated (0.25 mg 
cells·mL-1 in 5 mL) at the top of the saturated sand or silt column, which was saturated with AMSM 
and 1,4-dioxane (100 mg·L-1). 
For columns with recirculation, one pore volume (20 mL for sand and 15 mL for silt 
columns) of medium was withdrawn with a syringe from the Erlenmeyer flasks and added to the 





3.4  Results 
3.4.1  Enrichment and Isolation of the 1,4-Dioxane Metabolizing Bacteria 
The ability of the enrichment cultures to biodegrade 1,4-dioxane as a major carbon and 
energy source is shown in Figure 3-2.  Pure cultures were obtained from both enrichments.  Both 
isolates grow on 1,4-dioxane at concentrations at least as high as 1,000 mg·L-1, comparable to 
other microbes that use this contaminant as a sole substrate (e.g., P. dioxanivorans CB1190).  Both 
isolates appear as powdery white colonies floating on the liquid surface and form biofilms on the 
sides and bottom of the container they are grown in.  The cells produce white aerial mycelia, which 
branch and fragment into rod-shape, non-motile units.  The aquifer isolates adhered to the bottles 
less than CB1190, which was isolated from activated sludge (Fig. 3-3A, B, C).   
3.4.2  16S rRNA Amplification and Characterization 
Sequences alignments for the two isolates resulted in a close match to the 16S rRNA 
sequence of Pseudonocardia dioxanivorans CB1190 (⁓98%) (Table 3-1), indicating both are from 
the same genus and species.  Strain designations of BERK-1A and BERK-1B were assigned to the 
isolate from the U.S. and Europe, respectively.  BERK-1A and BERK-1B exhibit an average of 
97.5% and 97.75% 16S rRNA gene sequence similarity, respectively, to their closest neighbor, P. 
dioxanivorans CB1190.  The phylogenetic analysis among 25 species of Pseudonocardia 
determined that both strains BERK-1A and BERK-1B were closely related to P. dioxanivorans 
CB1190 (Figure 3-4).  Clustering for the rest of the species aligns with the reported phylogenetic 
tree generated by Mahendra et al. (2005), validating this analysis.  It is proposed that the organisms 
of BERK-1A and BERK-1B be classified as Pseudonocardia dioxanivorans sp. nov. 
 
 
3.4.3  Whole Genome Sequencing Analysis 
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Whole genomes sequences were generated by the University of North Carolina and 
uploaded to RAST to annotate genes and perform a gene-to-gene comparison between genomes.  
CB1190 was submitted as a positive control, since its complete sequence has already been reported 
(Sales et al., 2011).  A summary of the post annotation results are presented in Table 3-2.  BERK-
1A and BERK-1B contain 7,073,226 and 7,057,522 nucleotides, respectively, with a G+C content 
of 73.4% for both isolates.  The number of annotated genes, coding sequences, and RNAs reported 
were comparable to the values for CB1190 (i.e., both the one sequenced by UNC and published in 
NCBI).  Specifications for the whole genome sequencing is presented in Chapter 4. 
Table 3-3 summarizes the post-annotation gene-to-gene comparisons.  Results suggest that 
BERK-1A and BERK-1B are different strains from CB1190, with an average percentage match of 
95.2 ± 0.36%, compared to 99.8% similarity between the published sequence for CB1190 and the 
one from this study.  The number of genes that fell under the 90% threshold were about four times 
higher for the comparison between BERK-1A and BERK-1B than the value obtained for the 
control comparison (CB1190 published versus the sequence reported by UNC).  However, this 
was not considered a viable metric, since the same analysis made for E. coli spp. gave no indication 
that the same trend occurred for closely-related strains (data not shown).  The gene-to-gene 
comparison between BERK-1A and BERK-1B do not indicate that these are different strains.  
Further analyses were performed to confirm this. 
Gene-based phylogenetic trees for sortase, toluene-4-monooxygenase, and RecA are 
presented in Figure 3-5.  Trees using toluene-4-monooxygenase and RecA showed similar 
arrangements, with BERK-1A and BERK-1B grouped together (i.e., a perfect alignment for both 
genes) and distinct from CB1190.  Moreover, a CSI-based phylogenic tree yielded similar results, 
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showing effectively no difference in evolutionary changes between BERK-1A and BERK-1B 
(Figure 3-6).   
Table 3-4 shows ANI results for comparisons made between strains CB1190 (both 
published and sequenced by UNC), BERK-1A and BERK-1B.  BERK-1A and BERK-1B ANI 
values fell in between the ANI values for both CB1190 sequences (i.e., 99.7384% and 99.9794%).  
For the comparison between BERK-1A and BERK-1B, the ANI values are 99.9495% and 
99.9634%.  For the comparisons between BERK-1A and BERK-1B against the sequence for 
CB1190, ANI values fell below 99%.  For the DDH analysis, 99.7% was obtained for the 
comparison between BERK-1A and BERK-1B.  This is as close as the match between the two 
sequences for CB1190 (99.8%).  Comparison between BERK-1A and CB1190 gave a DDH value 
of 90.35% ± 0.1%.  Taken together, the various comparisons of the whole genome sequences 
indicate that BERK-1A and BERK-1B are the same strain, and they are different from CB1190.   
3.4.4  Kinetic Parameters for BERK-1A 
Kinetic parameters for BERK1-A are presented in Table 3-5.  Yield and decay coefficients 
were obtained first, as these were required inputs for determining other coefficients.  All values 
were compared against the ones reported by Barajas-Rodriguez and Freedman (2018) for strain 
CB1190.  For the yield experiment, 1,4-dioxane decreased below detection after 86 hours, 
producing a total of protein content of ⁓51 mg·L-1 (Figures S3.5-1 and S3.5-2 respectively).  The 
resulting yield is 0.22 mg of protein per mg of 1,4-dioxane (Figure S3.5-3), or 0.35 mg COD·mg 
COD-1 (Figure S3.5-4).  This value is the same as the one for CB1190 (i.e., 0.35 mg COD·mg 
COD-1).  The decay coefficient for BERK-1A was approximately twice as big as the decay 
coefficient for CB1190 (0.13 vs. 0.05 d-1, respectively). 
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μMAX (Figure S3.5-6 Panel A) for BERK-1A, and, by extension qMAX, is 36% higher 
compared to CB1190 (Table 3-5).  1,4-Dioxane levels dropped below detection after 4 days 
(Figure S3.5-5).  Once the qSMAX value (2.93 mg COD·mg COD
-1·d-1) was established, the batch 
depletion data were fit to equations 3-3 and 3-4 to obtain KS (Figure S3.5-6 Panel B).  The half 
saturation coefficient for P. dioxanivorans BERK-1A is 26.7 mg COD·L-1; this value is 2.3 times 
higher than the KS reported for P. dioxanivorans CB1190 (Barajas-Rodriguez and Freedman, 
2018). 
The batch depletion data for BERK-1A during the oxygen experiments indicated that 
substrate utilization stopped when oxygen reached ~0.61 mg·L-1 (Figure S3.5-7).  At that point in 
the incubation, 12.7% of the total 1,4-dioxane present was biodegraded (Figure S3.5-8), 
confirming that oxygen was limiting.  The half saturation coefficient for oxygen in the presence of 
growth substrate (KSO) and maximum specific oxygen utilization rate were similar to the values 
determined for CB1190 (Table 3-5).  These results confirm the difficulty that P. dioxivorans 
microbes encounter when attempting to biodegrade 1,4-dioxane at oxygen concentrations below 
~1 mg·L-1.   
3.4.5  Capsule Stain Test, SEM, and Plasmid Curing 
When grown in medium, CB1190 adheres to glass and clumps together in biofilms, in 
comparison to both isolates of BERK-1 (Figure 3-3A, B, C).  This is consistent with differences 
in the cell surface geometry as indicated by SEM (Figure 3-3D, E, F).  The capsule stain test for 
CB1190 and BERK-1A indicated that neither strain contains a capsule (data not shown).  However, 
these results may not be definitive.  According to Breakwell et al. (2009), capsules stain poorly 
with reagents used in simple staining and may result in false negatives. 
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In order to evaluate the rate at which plasmids cure from CB1190 and BERK-1A, it was 
first necessary to evaluate which of the substrates support growth.  Isolated colonies were picked 
and suspended in AMSM with propionate, acetate, lactate, EVO, and LB (positive control).  Of 
these, growth occurred with lactate, EVO, and LB.   
Following growth of CB1190 and BERK-1A on LB through three transfers, the culture 
was washed, resuspended in AMSM, and provided with 20 mg·L-1 of 1,4-dioxane.  The 1,4-
dioxane was not consumed after 40 days of incubation (Figure S3.6-1), indicating the plasmids 
that carry the genes essential for initiating biodegradation of the compound had been cured.  In 
contrast, growth of both strains on lactate and EVO did not result in loss of the plasmids, even 
after seven transfers, based on retention of the ability to biodegrade 1,4-dioxane as a sole substrate 
(Figure S3.6-5).  The same result was obtained following four transfers on Nobel Agar and five 
transfers on Bacto Agar; when picked colonies were placed in AMSM, 1,4-dioxane was consumed 
as the sole substrate (Figures S3.6-2 and S3.6-3).  These results indicate that substrates such as 
lactate and EVO, which may emerge from an anaerobic zone along with 1,4-dioxane, are not likely 
to interfere with biodegradation of 1,4-dioxane by causing loss of critically needed plasmids.    
3.4.6  Microbial Movement in Porous Media 
Movement of BERK-1A and CB1190 through sand columns was compared based on the 
rate of 1,4-dioxane biodegradation in AMSM in the Erlenmeyer flasks (Fig. 3-7A).  Consumption 
of 1,4-dioxane in the flasks indicates the microbes migrated through the sand to reach the medium 
in the flasks.  Controls in which the AMSM was directly inoculated with the cultures consumed 
1,4-dioxane at the highest rate.  When recirculation was applied, there was no apparent difference 
in the rate of 1,4-dioxane biodegradation; both strains moved through the sand and consumed 1,4-
dioxane in the Erlenmeyer flasks at the same rate.  With the negative control that was not 
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inoculated but was recirculated, there was no biodegradation of the 1,4-dioxane over 150 days of 
incubation.  Without recirculation, BERK-1A appears to have arrived at the reservoir sooner, but 
consumed the 1,4-dioxane at a slower rate, such that both strains reached the endpoint at 
approximately the same time.  There was no loss of 1,4-dioxane in the recirculated negative control 
(i.e., uninoculated).   
Similar results were obtained with the silt filled columns, for which only treatments with 
recirculation were evaluated (Fig. 3-7B).  There was no appreciable loss of 1,4-dioxane in the 
negative control.  These results indicated that both strains are able to move through porous media, 
in spite of their propensity to adhere to surfaces when growing in AMSM (Fig. 3-3).  BERK-1A 
did appear to move at a faster rate through the sand columns without recirculation, as was expected 
based on less clumping and adherence to glass; nevertheless, CB1190 achieved 1,4-dioxane 
biodegradation at approximately the same time. 
3.5  Discussion 
The analysis of genotypic and phenotypic data indicates that BERK-1 is a novel strain in 
the genus Pseudonocardia.  Moreover, the data indicate that BERK-1A and BERK-1B are not 
distinguishable at the strain level and therefore are effectively the same microbe.  This is of 
considerable interest when considering that they were isolated from samples of soil and 
groundwater collected on different continents.  Isolation of novel 1,4-dioxane-degraders in 
contaminated aquifers suggest that P. dioxanivorans spp. are geographically distributed and may 
be contributing to natural attenuation at many locations.  Prior to this study, only one other 1,4-
dioxane degrading Pseudonocardia spp. was isolated from a contaminated aquifer (Yamamoto et 
al., 2018, 2017a). 
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For strain level identification, genomic nucleotide alignments were evaluated to count the 
differences between the strains.  16S rRNA, RecA, and toluene-4-monooxygenase (TmoD) based 
analyses indicate that there are no significant differences between BERK-1A and BERK-1B.  
Direct gene-to-gene comparison (MG-RAST) between BERK-1A and BERK-1B also resulted in 
very few differences, whereas a significant number of differences were found when between 
BERK-1 and CB1190.  Whole genome Single Nucleotide Polymorphism (SNP) based analysis did 
not reveal appreciable differences between BERK-1A and BERK-1B.  Establishing quantitative 
differences is challenging because there is no standard benchmark relative to the divergence 
parameter of each microbial clade.  Further analyses within the species-level is challenging as well, 
because thus far only two whole genomes have been sequenced for the dioxanivorans species 
(Ramos-Garcia et al., 2018; Sales et al., 2011).  Use of physiological properties, such as GEN III 
MicroPlates (IF-C, Biolog, Inc.), are not sensitive enough to reveal differences at the strain level. 
The Monod kinetic parameters for BERK1-A are similar to those or CB1190 (Table 3-5), 
in spite of their different origins (i.e., a contaminated aquifer versus activated sludge).  Both strains 
have relatively high half saturation constants for 1,4-dioxane, suggesting their ability to consume 
the compound will be hindered at the low concentrations typically found in contaminated aquifers.  
Barajas-Rodriguez et al. (2019) showed that cometabolic bioremediation is likely to be more 
advantageous at 1,4-dioxane concentrations below ~10 mg·L-1, in large measure due to the 
declining degradation rates below the half saturation constant.  The lower KS for CB1190 provides 
it with an advantage over BERK-1 at lower concentrations of 1,4-dioxane. 
According to the SEM results, assumptions can be made with regard to how CB1190 
produces extracellular polymeric substances (EPS) (Limoli et al., 2015) in comparison to BERK-
1A and BERK-1B.  CB1190 seems to be more adapted to biofilm formation, whereas BERK-1A 
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and BERK-1B seem to have a better interaction between their cells.  Additional genetic and 
chemical assays are needed to accurately describe differences in the way these strains form 
biofilms. 
Plasmid curing was only viable when cells were grown in rich-medium.  Cells retained the 
capability to degrade 1,4-dioxane even after growth on alternate substrates, in liquid or solid 
medium, for up to seven transfers.  This is fortuitous for remediation scenarios in which addition 
of electron donor is applied in an anaerobic zone to remove chlorinated solvents.  Excess electron 
donor is then likely to be transported to a downgradient aerobic zone along with 1,4-dioxane.  
Growth of strains CB1190 or BERK-1 on these substrates will not result in loss of the critical 
plasmids needed for biodegradation of 1,4-dioxane.  Although not tested, starvation is another 
consideration for potential loss of plasmids.  Caldwell et al. (1989) found that as cells were starved 
for over 250 days, they remained in a dormancy state that let them conserve functional plasmids, 
a feature that may be of interest for biodegradation of low concentrations of substrate in 
contaminated aquifers. 
Results for the sand bench-scale columns indicate strain BERK-1 has a modestly higher 
mobility than CB1190.  This may give BERK-1 an advantage over CB1190 for in situ 
bioaugmentation applications.  A more robust column set up with the use of soil (from an actual 
contaminated site) and a continuous flow of groundwater would elucidate the transport of these 
strains under environmental conditions.  Moreover, models could be evaluated to predict the 
movement of bioaugmented microbes in porous media.  Thus far, several studies have evaluated 
the role of various physical, chemical and biological factors on microbial transport and removal in 
natural subsurface environments, but little has been done to model migration through soil in 
response to bioaugmentation (Abu-Ashour et al., 1994; Alexander et al., 1991; Brown, 2007; Ding, 
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2010; Ford and Harvey, 2007; Gannon et al., 1991; Gargiulo et al., 2008, 2007; Hornberger et al., 
1992; Li et al., 1996; Redman et al., 2004; Scheibe et al., 2007; Sen et al., 2005; Tan et al., 1994; 
Tufenkji, 2007). 
3.6  Conclusions 
Enrichment led to two isolates, both of which are Pseudonocardia dioxanivorans spp. 
capable of growing on 1,4-dioxane as a sole carbon and energy source.  These isolates have similar 
physiological characteristics to the well-charzcterized strain CB1190.  This is the second reported 
pure culture of a Pseudonocardia spp. capable of metabolizing 1,4-dioxane that comes from a 
contaminated aquifer.  Molecular tools confirmed that the two isolates, designated BERK-1A and 
BERK-1B, are the same strain, and they are different from strain CB1190.  The draft genome 
sequences and annotations have been deposited in the DDBJ/ENA/GenBank database under the 
accession no. PJPW02000000 and SJXF01000000 for BERK-1A and BERK-1B, respectively. 
The kinetics for growth of BERK-1A on 1,4-dioxane are similar to those of CB1190.  
Several parameters, such as the yield, half saturation coefficient for oxygen, and 1,4-dioxane 
specific biodegradation rates are on the same order of magnitude between the two strains.  The 
half saturation constant for BERK-1 is approximately twice as high as for CB1190, indicating that 
BERK-1A has a lower affinity for 1,4-dioxane.  The minimum oxygen concentration and decay 
coefficient are approximately twice as high for BERK-1A than CB1190 in the presence of 1,4-
dioxane. 
Minimal morphological differences were found between the P. dioxanivorans strains 
CB1190, BERK-1A and BERK-1B according to cell surface analysis by SEM.  A higher cell-to-




Plasmid curing was only possible following growth in a rich medium (LB), whereas no 
significant impact was seen for amendments with lactate and EVO.  This indicates that excess 
electron donor used to remediate chlorinated solvents plumes will not affect the retention of genes 
associated with aerobic 1,4-dioxane biodegradation. 
The sand and silt column tests suggest that BERK-1A moves at a slightly higher rate than 
CB1190 when being transported through porous media without the aid of recirculation.  However, 
further tests with continuous flow columns should be implemented to corroborate these results.  
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3.7  Tables for Chapter 3 
Table 3-1.  BLAST results for species identification based on 16S rRNA sequences (program set 
up at Highly Similar Sequences) Accession number: gil444304041lNR_074465.1. 
Culture 
Name 






Pseudonocardia dioxanivorans strain CB1190 16S 
ribosomal RNA gene, complete sequence 
0 98% 
Reverse 
Pseudonocardia dioxanivorans strain CB1190 16S 





Pseudonocardia dioxanivorans strain CB1190 16S 
ribosomal RNA gene, complete sequence 
0 98% 
Reverse 
Pseudonocardia dioxanivorans strain CB1190 16S 





Pseudonocardia dioxanivorans strain CB1190 16S 
ribosomal RNA gene, complete sequence 
0 98% 
Reverse 
Pseudonocardia dioxanivorans strain CB1190 16S 





Pseudonocardia dioxanivorans strain CB1190 16S 
ribosomal RNA gene, complete sequence 
0 98% 
Reverse 
Pseudonocardia dioxanivorans strain CB1190 16S 





Pseudonocardia dioxanivorans strain CB1190 16S 
ribosomal RNA gene, complete sequence 
0 99% 
Reverse 
Pseudonocardia dioxanivorans strain CB1190 16S 





Table 3-2.  Post annotation summary information for whole genomes CB1190 (published and 
sequenced in UNC), BERK-1A and BERK-1B. 


















CB1190a 7,096,501 1 1 438 6,734 6,789 6,734 55 
CB1190b 6,973,255 18,839 114 666 430 6,604 6,554 50 
BERK-1A 7,073,226 61,756 35 219 425 6,730 6,684 46 
BERK-1B 7,057,522 85,538 29 142 424 6,742 6,695 47 
 
a CB1190 whole genome sequence published in NCBI. 




Table 3-3.  Distribution of percentage identification for annotated genes for each whole genome 
comparison between both CB1190 (sequenced by UNC and published in NCBI), BERK-1A and 
BERK-1B. 

























0 89 82 353 437 319 379 
<90 20 76 501 502 537 579 
90 - 95 4 6 111 111 113 105 
> 95 6,441 6,531 5,719 5,634 5,726 5,632 
Total Genes 6,554 6,695 6,684 6,684 6,695 6,695 





Table 3-4.  ANI match results, with the highest match at the bottom. 
QUERY REFERENCE ANI ESTIMATE MATCHES TOTAL 
BERK-1B CB1190_UNC 98.619 1789 2277 
BERK-1A CB1190_UNC 98.6499 1762 2253 
CB1190_UNC BERK-1B 98.7283 1821 2024 
CB1190_UNC BERK-1A 98.7878 1814 2024 
CB1190_NCBI BERK-1A 98.794 2019 2365 
BERK-1A CB1190_NCBI 98.8095 2039 2253 
BERK-1B CB1190_NCBI 98.8102 2065 2277 
CB1190_NCBI BERK-1B 98.8327 2044 2365 
CB1190_NCBI CB1190_UNC 99.7384 1988 2365 
BERK-1B BERK-1A 99.9495 2165 2277 
BERK-1A BERK-1B 99.9634 2185 2253 




Table 3-5.  Results for kinetic coefficientsa. 
Parameter Unitsb BERK-1A CB1190c 
Y mg COD·mg COD-1 0.35 ± 0.03 0.35 ± 0.07 
b d-1 0.13 ± 0.05 0.05 ± 0.01 
µMAX d-1 1.01 ± 0.08 0.74 ± 0.06 
qMAX mg COD·mg COD
-1·d-1 2.93 ± 0.02 2.11 ± 0.07 
KS mg COD·L-1 26.7 ± 3.6 11.5 ± 0.4 
OSMIN mg COD·L-1 0.61 ± 0.07 0.36 ± 0.03 
qSOMAX mg O2·mg COD
-1·d-1 1.36 ± 0.06 1.39 ± 0.02 
KSO mg COD·L-1 1.08 ± 0.16 1.52 ± 0.03 
 
a ± 95% confidence interval, using the standard error from Aquasim; interval for qSMAX and TY calculated 
by propagation of error from the standard errors from µMAX, and Y.  Parameters were determined at room 
temperature (22-24°C). 
b Conversion factors for COD units: 1.82 mg COD·mg 1,4-dioxane-1, 1.42 mg COD·mg biomass-1. 




Table 3-6.  Plasmid curing results for CB1190 and BERK-1A.a   
  Transfer Number 
Substrate 1 2 3 4 5 6 7 
LB N/T N/T None         
Nobel Agar Growth Growth Growth Growth N/E N/E N/E 
Bacto Agar Growth Growth Growth Growth Growth N/E N/E 
Lactate N/T N/T Growth N/T Growth N/T Growth 
EVO N/T N/T Growth N/T Growth N/T Growth 
                
a  N/T = 1,4-dioxane not measured, but growth occurred; N/E = not evaluated.  LB = Luria Bertani 
broth; EVO = Emulsified vegetable oil.  
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3.8  Figures for Chapter 3 
 
 






















































































Figure 3-3.  Visual differences between cells in liquid media (a, b, C) and scanning electron 
microscopy (d, e, f) for CB1190 (a, d); the European isolate, BERK-1B (b, e); and the southeastern 
US isolate, BERK-1A (c, f).  







Figure 3-4.  Evolutionary distance dendrogram displaying the phylogenetic position of 
Pseudonocardia dioxanivorans strains BERK-1A and BERK-1B obtained by comparative 





Figure 3-5.  Gene-based phylogenetic trees for sortase (A), toluene-4-monooxygenase (B) and 







Figure 3-6.  CSI-based phylogeny.  Strain CB1190 was assigned as the reference taxon.  Red 




























Figure 3-7.  Evidence for movement of BERK1 in bench-scale columns filled with A) sand; and 
























NEG - No Rec.
CB1190 - No Rec.
BERK-1A - No Rec.
NEG - Yes Rec.
CB1190 - Yes Rec.
































4. DRAFT GENOME SEQUENCE OF THE 1,4-DIOXANE-DEGRADING BACTERIUM 
PSEUDONOCARDIA DIOXANIVORANS BERK-1 
4.1 Abstract 
Pseudonocardia dioxanivorans strain BERK-1 grows aerobically with 1,4dioxane as its 
sole substrate.  Reported here is its draft genome sequence, with a size of 7.1 Mbp.  Key genes are 
highlighted in this article.  BERK-1 exhibits a reduced level of cell aggregation and adherence to 
surfaces compared to those of P. dioxanivorans CB1190, giving it an apparent advantage for 
movement through soil. 
4.2 Introduction 
Microbes capable of degrading 1,4-dioxane through metabolic and cometabolic pathways 
are continuously being discovered.  Understanding differences between closely related strains 
could elucidate how the microbial communities are spread and how these interact within the 
environment.  Modern molecular technologies are having a substantial impact in many 
fundamentals and applied areas of bacteriology.  Many modern molecular tools are based on 16S 
rRNA gene sequences, complete or partial genomes, or specific fluorescent probes that monitor 
the physiological activity of microbial cells (Ben Amor et al., 2007).  Whole genome sequencing 
provides a more comprehensive collection of a strain’s genetic variation between closely related 
strains (Ng and Kirkness, 2010).  Even though this type of high throughput approach is 
increasingly applied to strains in the Bacteria domain, there is a lack of whole genomes for 
microbes that grow on 1,4-dioxane, including Pseudonocardia dioxanivorans. 
Whole-genome sequencing represents a relatively new and increasingly accessible means 
to distinguish strains which differ by as little as a single nucleotide (Salipante et al., 2015).  Thus 
far, whole genome sequences have been submitted for only four Pseudonocardia spp. (Deng et al., 
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2019; He et al., 2017b; Sales et al., 2011; Yamamoto et al., 2017a).  The whole genome sequence 
for a new strain of P. dioxivorans, named BERK-1, is reported in this study.  Isolation and 
characterization of BERK-1 is described in Chapter 3. 
4.3 Material and Methods 
4.3.1 DNA Preparation 
Pseudonocardia dioxanivorans BERK-1 was isolated from sediment and groundwater 
samples from an aquifer in South Carolina that is contaminated with 1,4-dioxane.  BERK-1 is able 
to grow on 1,4-dioxane at concentrations of as high as 1,000 mg·L-1 which comparable to other 
microbes that use this contaminant as the sole substrate.  Colonies of BERK-1 were grown on 
Bacto agar plates using ammonium mineral salts medium (AMSM) (Parales et al., 1994) amended 
with 1,4-dioxane and incubated at 30°C.  Cells were sent to the Microbiome Core Facility 
(https://www.med.unc.edu/microbiome/) at the University of North Carolina at Chapel Hill, where 
DNA was extracted from a single colony. 
4.3.2 Whole Genome Sequencing 
The genomic DNA of BERK-1 was fragmented and prepared into a sequence library using 
a DNA library preparation kit with barcoding (Illumina, San Diego, CA, USA).  This library was 
sequenced by 150-bp paired-end sequencing using the Illumina Sequencing MiSeq PE150 (300) 
system, which produced 4,179,425 reads with a yield of 627 Mb.  The sequencing output from the 
Illumina MiSeq platform was converted to fastq format and demultiplexed using Illumina 
bcl2fastq version 2.18.0.12.  Illumina adapters were trimmed, and reads were quality filtered using 
Trim Galore (Krueger, 2015).  High-quality adapter trimmed reads were de novo assembled using 
SPAdes 3.11.0 (Bankevich et al., 2012).  The assembled genome was polished through Mauve 
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(Darling et al., 2011) by using the genome sequence of P. dioxanivorans strain CB1190 as a 
reference. 
4.3.3 Open Reading Frames (ORFs) and Gene Annotation 
The polished genome was scanned for open reading frames (ORFs) in all 6 possible frames 
using Glimmer 3.02 (Delcher et al., 2007).  Identified ORFs were annotated using the latest SEED 
hierarchical database.  Gene annotation was performed by the use of Rapid Annotation using 
Subsystems Technology (RAST) pipeline (Overbeek et al., 2014). 
4.3.4 Virulence Factors and Pathogenicity Analysis 
The virulence factor analysis was done by the use of the Virulence Factors of Bacterial 
Pathogens Database (VFDB) (Chen et al., 2011).  The pathogenicity identification was done by 
the use of the pathogen-host interactions database (PHI-base) (Baldwin et al., 2006). 
4.4 Results and Discussion 
4.4.1 Open Reading Frames (ORFs) and Gene Annotation 
The draft genome sequence for strain BERK-1 contains 219 contigs, accounting for a total 
of 7,073,226 bp (73.4% G+C content), with an N50 value of 61,756 bp and a maximum contig 
size of 268,190 bp.  According to the Rapid Annotation using Subsystems Technology pipeline, 
BERK-1 contains 6,686 coding sequences (CDSs), genes across 425 subsystems, 44 tRNA genes, 
and 2 rRNA genes.  Similar to other 1,4-dioxane-degrading microbes, the BERK-1 genome 
includes tetrahydrofuran monooxygenase genes, which are likely responsible for the initial 
oxidation of 1,4-dioxane.  Aldehyde dehydrogenase genes were also found; these are involved in 
the oxidation of aldehyde group intermediates in the proposed 1,4-dioxane degradation pathway 




4.4.2 Virulence Factors and Pathogenicity Analysis 
The number of genes associated with virulence factors and pathogenicity in strain BERK-1 
(31 and 2,035, respectively) is similar to what is present in strain CB1190 (Sales et al., 2011) and 
strain PH-06 (Baldwin et al., 2006; Chen et al., 2011; He et al., 2017b; Liu and Pop, 2008). 
4.5 Conclusion 
The whole genome for BERK-1 (designated as BERK-1A in this document) was 
successfully assembled and provided enough differences to discern it from the well-known 1,4-
dioxane degrader P. dioxanivorans CB1190.  The draft genome sequence and annotation have 
been deposited in the DDBJ/ENA/GenBank database under the accession no. PJPW00000000.  
The version described in this chapter is PJPW02000000.  
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5. EVALUATION OF NATURAL ATTENTUATION OF 1,4-DIOXANE IN GROUNDWATER 
USING A 14C ASSAY 
5.1  Abstract 
Ten geographically diverse locations were selected for evaluation of natural attenuation for 
1,4-dioxane.  These sites were selected based on a variety of parameters, including the presence of 
volatile organic compounds (VOCs), as well as having direct evidence and/or at least one favorable 
site characteristic for 1,4-dioxane attenuation via co-oxidation.  This is part of the ESTCP project 
ER-201730 for the Development of a Quantitative Framework for Evaluating Natural Attenuation 
of 1,1,1 TCA, 1,1-DCA, 1,1-DCE, and 1,4-Dioxane in Groundwater.  Results from this study will 
be used in the development of BioPIC-TCA/Dioxane.  It is suggested that there will be an increase 
in the number of sites where MNA will be selected, thereby greatly reducing expenditures and 
environmental impacts due to the implementation of other remedies.  A 14C assay was developed 
to quantify pseudo first-order degradation rates by monitoring the accumulation of labeled 
products (CO2 and non-strippable residue) over the course of 42 days for bottles containing only 
groundwater (no sediment) contaminated with 1,4-dioxane.  14C-1,4-dioxane was isolated from 
impurities by the use of a high performance liquid chromatography (HPLC), and the added solution 
into experimental bottles (0.5 mL) gave an initial activity level of ~600,000 dpm per bottle.  
Validation of the assay was achieved by processing samples with medium or groundwater and 
inoculated with a known 1,4-dioxane metabolic and cometabolic degrading cultures (e.g., CB1190 
and ENV487 at ~1,010 cells·mL-1).  Participation of oxygenase was confirmed by evaluating the 
inhibition effect of the enzyme with acetylene and under anaerobic conditions.  A handling effect 
test verified that the way samples were treated before time zero measurements did not have a 
significant impact over the calculated rates.  Most of the wells did not show significant rates of 
degradation based on non-linear fitting of the 14C product data with MATLAB, the resulted 
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statistically significant rates are low (i.e., <6.9E-3 per year or a half-life of >100 years).  Nutrient 
addition into experimental bottles with groundwater inoculated with a metabolic or cometabolic 
culture and amended with 14C-1-4-dioxane enhanced the 14C product, indicating negative result 
with the 14C assay does not rule out the possibility that degradation is occurring in situ.  Results 
suggest that two of the nine sites sampled have demonstrated positive results from the 14C-1,4-
dioxane assay compared to controls.  A variety of other factors may have had an impact on the 
results at other sites, such as low concentrations of dissolved oxygen, low levels of biomarkers, 
high levels of chlorinated solvents, or low concentrations of 1,4-dioxane. 
5.2  Introduction 
1,4-Dioxane served mainly as a stabilizer for chlorinated solvents, such as 1,1,1-
trichloroethane (1,1,1-TCA).  Consequently, many groundwater plumes contain both chlorinated 
solvents and 1,4-dioxane (Adamson et al., 2017, 2014; Anderson et al., 2012).  Biotic and abiotic 
degradation products of 1,1,1-TCA are often part of the contaminant mix, including 1,1-
dichloethene (1,1-DCE), vinyl chloride (VC), 1,1-dichloroethane (1,1-DCA), and chloroethane 
(CA).  Monitored Natural Attenuation (MNA) is a preferred remedy at many sites due to its low 
cost and limited environmental impacts compared to active remediation.  However, limited 
guidance is available to remedial project managers (RPM) to evaluate MNA for 1,4-dioxane, 
associated chlorinated solvents, and their degradation products. 
Several studies have demonstrated that natural attenuation is a plausible approach for 1,4-
dioxane (Adamson et al., 2015, 2014; da Silva et al., 2018; Gedalanga et al., 2016; Li et al., 2015).  
However, the lack of a quantitative framework to evaluate the contribution of natural attenuation 
of 1,4-dioxane, along with chlorinated solvents in groundwater, makes it difficult to include natural 
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attenuation processes as part of the comprehensive remedy at a site that contains these 
contaminants. 
Degradation rates are essential to construct a quantitative case for MNA applied to 1,4-
dioxane and co-contaminants.  Determination of degradation rates requires the use of a fate and 
migration model to estimate rate coefficients and to differentiate various processes that contribute 
to reductions in contaminant concentrations.  Models such as BIOCHLOR (Newell et al., 1998) 
offer several advantages, including the fact that it is available at no cost, it is USEPA-approved, 
and it simulates advection, dispersion, sorption, and biodegradation.  However, the model does not 
include modules for the aerobic degradation of 1,4-dioxane, abiotic dehydrochlorination of 1,1,1-
TCA to 1,1-DCE and the simultaneous degradation (biological or abiotic) of 1,1,1-TCA, 1,1-DCE, 
1,1-DCA, VC, and CA.  One of the aims of the research reported in this chapter is to develop a 
method to measure rate coefficients that can be used in models such as BIOCHLOR to predict the 
rate of 1,4-dioxane biodegradation. 
MNA requires a robust documentation to prove that the contaminants are degrading to 
regulatory limits.  Multiple lines of evidences such as concentration trend analysis for plume mass 
estimates, Compound Specific Isotope Analysis (CSIA), and quantification of enzymes unique to 
the biodegradation process (e.g., using qPCR) are necessary to support the hypothesis that natural 
attenuation is a plausible approach for 1,4-dioxane remediation.  However, more direct evidence 
for aerobic biodegradation based on product formation and an estimate of the rate coefficient is 
required for a compelling case.  Moreover, while quantifying the presence of biomarkers involved 
in biodegradation of 1,4-dioxane is important, it is not sufficient to conclusively establish that 
biodegradation is occurring, and at what rate.  One of the challenges with determining the rate of 
1,4-dioxane biodegradation is that the process yields CO2, biomass, and possibly soluble 
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intermediates that are not distinguishable from other sources.  Development of a 14C assay can 
overcome that limitation by providing an efficient way to measure the rate of product formation. 
This chapter is part of ESTCP project ER-201730, Development of a Quantitative 
Framework for Evaluating Natural Attenuation of 1,1,1 TCA, 1,1-DCA, 1,1-DCE, and 1,4-
Dioxane in Groundwater.  The overall goal of that project is to develop and validate protocols 
(DNA-based qPCR assays) and a quantitative framework (BioPIC-TCA/Dioxane) to evaluate 
MNA for these compounds in groundwater.  The subset of that project covered in this chapter is 
the development and validation of a protocol to directly measure rate coefficients for aerobic 
biodegradation of 1,4-dioxane in groundwater using a 14C assay.  The assay is modeled after one 
developed by Mills et al. (2018) that utilizes 14C-trichloroethene to determine rate coefficients for 
aerobic co-oxidation.   
5.3  Materials and Methods 
5.3.1  Microcosms  
Groundwater samples from four or five monitoring wells were retrieved from ten sites 
known to be contaminated with 1,4-dioxane.  For each well, groundwater (100 mL) without 
sediment was collected by Scissortail Environmental, Inc., placed in triplicate 160 mL borosilicate 
glass serum bottles (Wheaton®, Millville, New Jersey), and sealed with polytetrafluoroethylene 
(PTFE)-faced gray butyl rubber septa (Sun-SriTM, Rockwood, Tennessee; 20mm, 0.130 butyl) and 
aluminum crimp caps.  Groundwater from each well was also added to two 1-L glass bottles.  
Samples were shipped overnight to Clemson University.  Upon arrival, bottles were immediately 
removed from the coolers and allowed to warm to room temperature (22 ± 2°C) overnight.  The 
initial concentration of 1,4-dioxane and volatile organic compounds (VOCs) was measured. 
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Groundwater from the 2-L bottles was filtered (0.2 µm, 47 mm; WhatmanTM; Millipore 
Sigma, St. Louis, Missouri) and 100 mL was added to triplicate sterile serum bottles to create filter 
sterilized groundwater (FSGW) controls.  These were used to assess the rate of 14C product 
formation in the absence of microbial activity.  The initial level of 1,4-dioxane and VOCs was 
measured in the FSGW controls.  Purified 14C-1,4-dioxane (described below) was then added to 
the six serum bottles (i.e., triplicates with groundwater, triplicates with FSGW).   
5.3.2  Chemicals 
14C-1,4-dioxane (0.65 mCi) was custom-synthesized by Moravek Biochemicals, Inc. (Brea, 
California) and dissolved in butanol.  The specific activity was 6.7 mCi per mmol and the reported 
radiochemical purity was 97.6%.  A stock solution was prepared in a 60 mL glass vial by adding 
the 14C-1,4-dioxane/butanol solution into 49 mL of 1 mM sodium bicarbonate (ACS grade), in 
order to reduce the specific activity of the 14C-1,4-dioxane and minimize autoradiolysis.  The vial 
was sealed with a Mininert valve cap and stored at 4°C.  The total amount of 14C activity recovered 
in the stock solution was 650 µCi.  ULTIMA GOLD XR (PerkinElmer LAS Inc.) was used for 
liquid scintillation counting.  NaOH (ACS grade) pellets were obtained from VWR (Randor, 
Pennsylvania); dichloromethane (99.95%) from Omnisolve; acetone (99.5%), sodium acetate 
(99.7%), and ethylene glycol from Mallinckrodt; methanol from Fisher Scientific; glyoxylate (40% 
in water) and glyoxal (40% in water) from TCI America; glycolate (70% in water) from MP; and 
glycoaldehyde and oxalate (99.5%) from EM.   
The VOCs were used: 1,1-DCE (99.5%) from Chem Services; 1,1-DCA (95%) and cis-
1,2-DCE (99%) from TCI America; 1,1,1-TCA (>99%) from Fisher Scientific; TCE (99.5%) from 
Aldrich; methane (99.99%) from Matheson; CA (99.7%) from Aldrich; ethane (99.99%) and VC 
(<1 ppm of nitrogen) from Matheson; ethene (99.5%) from National Welders. 
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5.3.3 Analytical Techniques 
1,4-Dioxane was monitored by gas chromatography, as described in Chapter 2.  For direct 
injection of aqueous samples, the detection level was approximately 1 mg·L-1.  Using the micro-
frozen extraction method, the limit was approximately 25 µg·L-1.  For VOCs, the same method 
described in Chapter 2 for propane was used.  The temperature program was set at 60 ºC for 2 min, 
increased at 20.0 ºC min-1 to 150 ºC, increased at 10.0 ºC·min-1 to 200 , then isothermal for 8 min, 
for a total run time of 19.5 min.  Oxygen levels were monitored in headspace samples, also as 
described in Chapter 2.    
5.3.4  Cultures 
Pseudonocardia dioxanivorans CB1190 was provided courtesy of Dr. Shaley Mahendra,  
the University of California at Los Angeles.  Colonies from agar plates were transferred to bottles 
containing AMSM amended with 100 mg·L-1 (182 mg COD·L-1) of 1,4-dioxane.  The bottles were 
sealed with gray butyl rubber septa and screw caps and incubated on a shaker table (100 rpm) at 
room temperature.  The culture was maintained by transferring it periodically to fresh AMSM with 
concentrations of 1,4-dioxane up to 500 mg·L-1 (910 mg COD·L-1), as well as to agar plates with 
AMSM and 1,4-dioxane.  After growing the culture in medium, cells were harvested close to the 
stationary phase to obtain the inoculum used in the experiments. 
ENV487, a mixed culture of propanotrophs, was provided courtesy of Dr. Robert Stefan at 
Chicago Bridge & Iron, Inc.  The culture was grown in BSM (Hareland et al., 1975), modified in 
order to reduce the amount of organic chelator (nitrilotriacetic acid, NTA) (Rodriguez, 2016).  
ENV487 was grown at room temperature (22-24°C) in 2.6 L glass bottles containing 1.5 L of BSM 
and 20% propane/80% air (v/v) in the headspace.  The bottles were incubated at room temperature 
on a shaker table (100 rpm).  Oxygen in the headspace was maintained between 5-21% during 
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biomass growth by periodic addition of pure oxygen.  After growing the culture in medium, 
harvesting was done when microbial activity was close to the stationary phase to obtain the 
inoculum used in the experiments.  It was assumed that cells harvested during this phase still 
produced the necessary enzymes to carry out cometabolism.  Washing the cells removed any 
residual dissolved propane. 
5.3.5  14C-1,4-Dioxane Purification 
To facilitate detection of low levels of 14C-1,4-dioxane degradation products, it was 
necessary to remove 14C-labeled impurities before adding it to the serum bottles.  The impurities 
may interfere with detection of low levels of 1,4-dioxane degradation products.  14C-1,4-dioxane 
purification was achieved by injecting an aliquot (100 µL) of the stock solution onto a Dionex 
UltiMate 3000 high-performance liquid chromatograph (HPLC) equipped with an Aminex HPX-
87H column (300 mm x 7.6 mm; BioRad) and a Refractive Index (RI) or UV-Vis detector.  H2SO4 
was used as the eluant (0.01 N, 0.6 mL per min).  1,4-Dioxane eluted between 22.4 and 26.0 min; 
2.16 mL was collected.  Butanol eluted from 33 to 39 min.   
Recovery of 14C-1,4-dioxane was calculated based on the 14C activity in the trapped 
interval (22.4-26.0 min) that corresponded to 1,4-dioxane, divided by the 14C activity in the stock 
solution injected onto the HPLC (Equation 5-1):   




𝑑𝑝𝑚 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑜𝑛𝑡𝑜 𝐻𝑃𝐿𝐶 (
100 𝜇𝐿
20 𝜇𝐿 )
) (100)          (5 − 1) 
where 2.16 mL is the volume collected from the HPLC; 0.1 mL is the volume of stock solution 
injected onto the HPLC; 100 µL is the volume of stock solution injected onto the HPLC; 20 µL is 
the volume of stock solution added directly to liquid scintillation cocktail (LSC) to determine 14C 
activity in the stock solution; and dpm is disintegration per minute.   
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∙ 𝑉𝑙,𝑏          (5 − 2) 
where Ctot is the total 
14C present (dpm·bottle-1); S1 is the 
14C in a liquid sample (dpm·sample-1); 
Vl,s is the volume of the sample; and Vl,b is the initial volume of liquid in the bottle (⁓100 mL). 
The efficiency of purification was determined based on the presence of impurities at time 
zero.  Impurities were quantified in terms of 14CO2 and 
14C-labeled non-strippable products (NSR) 
(see below) measured at time zero and a direct count in the liquid phase (0.1 mL of liquid sample), 
as follows: 
% 𝐼𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 = (
𝐴 + 𝐵
𝐶
) (100)          (5 − 3) 
where A = 14CO2/bottle (including in the aqueous phase and headspace); B = 
14C-NSR; and C = 
the total 14C added to the bottles.  The procedures used to determine A and B are described in 
section 5.3.6.  C was determined based on the 14C activity in a sample (0.1 mL) of the purified 
stock solution added directly to LSC.   
Controls were prepared with bottles containing media (AMSM or BSM) and no inoculum.  
Percentage impurities from experimental bottles were compared against the controls to evaluate 
the statistical significance of the impurities. 
5.3.6  Monitoring and 14C-product Distribution 
Experiments were started by adding the purified 14C-1,4-dioxane stock solution (0.5 mL) 
into serum bottles containing 100 mL of groundwater or medium, resulting in ~0.27 µCi per bottle 
(~600,000 dpm).  Addition of purified 14C-1,4-dioxane increased the total concentration of 1,4-
dixane by ⁓163 µg·L-1.  The actual total amount of 14C present per bottle at time zero was 
determined based on samples of the aqueous phase and using equation 5-2. 
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The protocol used to quantify the rate of 14C product formation was adapted from the 
method developed by Mills et al. (2018).  Figure S5.1-3 shows a schematic of the assay.  Aqueous 
and gaseous samples were removed from the microcosms at approximately weekly intervals over 
42 days of incubation to measure the formation of degradation products.  Liquid samples were 
added to 20 mL borosilicate glass scintillation vials with screw caps (VWR).  A headspace sample 
(0.5 mL) was removed with a gas-tight syringe and injected into a 20 mL borosilicate glass 
scintillation vial.  The cap on the vial was lined with a PTFE-faced gray butyl rubber septum and 
a hole (2.38 mm hole) was drilled in the cap to permit passage of the needle.  The vial contained 
15 mL of LSC and 1 mL of 1 M NaOH (to ensure the 14CO2 in the gas sample dissolved in the 
scintillation cocktail).   
A liquid sample (5.1 mL) from the serum bottles was removed and 0.1 mL was added to a 
scintillation vial with 15 mL of LSC to determine the total 14C removed in the sample.  The 
remaining 5.0 mL was added to a scintillation vial with a drilled screw cap and a Teflon-faced 
septum.  HCl (24 µL of 6 M) was injected to lower the pH (< 2, confirmed using a pH strip; BDH® 
VWR Analytical).  CO2 was expunged from the liquid by inserting a needle into the liquid with a 
flow of N2 (500 mL/min).  A second needle was inserted into the headspace of the vial and 
transferred the gas through latex tubing a second vial containing 5 mL of 1 M NaOH, to trap the 
14CO2.  A fritted gas dispersion tube was used in the second vial to promote contact between the 
gas and liquid phases.  Both vials were tilted on a 30° angle to facilitate contact between the N2 
and liquid.  The second vial was left open to the atmosphere.  The sparging was performed in a 
hood.  A schematic of the sparging apparatus is shown in Figure S5.1-4.  After 30 min of sparging, 
the contents of the acidified vial were processed as described below; the contents of the second 
vial was added to 15 mL of LSC and presumptively represented 14CO2.   
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Although 1,4-dioxane is not readily sparged from water, enough volatilizes such that it was 
necessary to insert a sorbent (described below) in the tubing between the acid and basic vials to 
prevent any 14C-1,4-dioxane from reaching the second vial.  This was confirmed by measuring 14C 
levels in the second vial when sparging a sample in the first vial that contained 14C-1,4-dioxane 
(but no 14CO2), with and without the cartridge installed.  Without the cartridge, 2% of the 
14C-1,4-
dioxane was detected in the second vial; with the cartridge installed between the vials, no 14C was 
detected in the second vial.   
Because of the low volatility of 1,4-dioxane, it cannot be separated from degradation 
products by sparging with N2, as Mills et al. (2018) were able to do when the test compound was 
14C-labeled trichloroethene.  Separation of the unreacted 1,4-dioxane from its degradation products 
was accomplished by a combination of acidic stripping with N2 to remove 
14CO2, followed by 
passage through a selective sorbent (ENVI-Carb Plus, Supelco Inc., Sigma-Aldrich) to remove 
1,4-dioxane.  Cartridges were placed in a Visiprep Solid Phase Extraction Vacuum Manifold 
(Supelco Inc.).  Preliminary tests were run to confirm that the sorbent removed 1,4-dioxane by 
treating samples containing the same level of 14C-1,4-dioxane as was added to the groundwater 
and other samples.  Samples (5.0 mL) were passed through the cartridge and 14C was measured in 
the eluant.  From 246 samples evaluated, the eluant contained less than 0.05% of the 14C-1,4-
dioxane that was applied.  Cartridges were re-used for all bottles from a single well throughout the 
incubation period (42 days).  The effectiveness of the cartridges for repeated use was tested; they 
did not show any leakage of 14C-1,4-dioxane when reused up to 20 times (Figure S5.1-2).  
Soluble products that passed through the cartridges are referred to as non-strippable residue 
(NSR).  For 1,4-dioxane, this includes several compounds that have been shown to be formed 
during metabolic and cometabolic biodegradation, including glyoxylate, glycolate, glyoxal, 
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oxalate, and ethylene glycol, as shown in Figure S5.1-1 (Grostern et al., 2012).  Preliminary tests 
were performed to evaluate the passage of these compounds through the cartridges, based on 
measurement of their concentration in the eluant.  Overall, 63-100% of these potential soluble 
products passed through the cartridges.  Other sorbents were evaluated (i.e., SDB-L and ENVI-
Carb) that effectively removed 1,4-dioxane but also retained higher percentages of the potential 
degradation products.  The fact that some of the compounds tested were retained indicates that the 
NSR portion of the total 14C products formed may have been underestimated, at least to the extent 
that NSR was a product.    
Two sets of duplicate bottles with 100 mL of 1 mM HCO3
- amended with and without 14C-
labeled material (0.5 mL of the purified stock solution) were constructed to verify the effectiveness 
of the cartridges for retaining 14C-1,4-dioxane and separating it from potential degradation 
products.  Counts from before (direct count from liquid phase) and after (CO2 and NSR) the 
14C 
assay were compared to evaluate the cartridge effectiveness.  The assay extracted 99.95% of the 
1,4-dioxane present in the samples, indicating successful retention of the 1,4-dioxane. 
The sorbent needed to be conditioned prior to processing the samples.  This entailed 1) 
adding 1 mL of dichloromethane (DCM) and pulling it through the cartridge under a vacuum (15-
20 in Hg, Visiprep solid phase extraction vacuum manifold); 2) adding 4 mL of methanol; 3) 
adding 3 mL of distilled deionized (DDI) water (pH 7).  Enough of the DDI water was left in the 
cartridge to keep the sorbent wetted.   At this point, the cartridges were ready for processing 
samples.   
Prior to passage of the acidified sample through the cartridges, the pH was neutralized  
using 10 M NaOH.  pH adjustment decreased the potential for retention of degradation products 
on the sorbent.  Samples were filtered (13 mm, 0.2 µm PTFE, VWR) to remove any particulates 
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that may contain sorbed 1,4-dioxane.  An aliquot (0.1 mL) of the liquid sample was evaluated for 
14C in LSC (15 mL).  The rest of the sample (4.9 mL) was drawn through the cartridge and into a 
collection vial at a rate of 1 drop per second.  Eluant collected from the cartridges was transferred 
to a scintillation vial with 15 mL of LSC.  Subsequently, 2 mL of DCM was added to the cartridges 
to extract the adsorbed 14C-1,4-dioxane.  The cartridges were then  allowed to dry and were stored 
for the next sampling event.   
On the final day of incubation, routine measurements were made (i.e., 14C present in the 
headspace and liquid, oxygen in the headspace, and 14C products in a 5.0 mL liquid sample).  A 
mass balance for 14C was calculated at the end of the incubation period based on the percent 





          (5 − 4) 
where dpmpresent represents the amount of 
14C remaining in the liquid plus headspace, dpmremoved 
represents the cumulative 14C removed in the liquid and headspace, and dpminitial represents the 
initial 14C added.  Equation 5-4 was used to determine the recovery of labeled products and 
unreacted 1,4-dioxane divided by the total 14C added to the bottles (dpminitial).  The overall recovery 
for groundwater samples was 102.3% ± 8.3% and 101.2% ± 6.6% for the FSGW controls.  The 
contribution of degradation products (i.e., CO2 and NSR) to the numerator in equation 5-4 was 0.1 
± 0.1% for experimental bottles and 0.1 ± 0.0% for controls.  This indicated that most of the 14C 
remaining in the microcosms was unreacted 1,4-dioxane.  Of the products measured, 14CO2 





5.3.7  14C Assay Validation  
The functionality of the 14C assay was confirmed using a propanotrophic enrichment 
culture (ENV487) that cometabolically oxidizes 1,4-dioxane and a culture that metabolizes 1,4-
dioxane, Pseudonocardia dioxanivorans CB1190.  Following growth of ENV487 on propane in 
basal salts medium (BSM) to the stationary phase (~1010 cells·mL-1, based on measurement of 
protein and a conversion factor of 9.5x10-13 g of biomass per cell), the cells were harvested by 
centrifugation (10,750xg, 15 min) and re-suspended in BSM.  The cells were serially diluted in 
160 mL serum bottles (100 mL of culture/bottle) to 10-8, to provide a wide range of cell 
concentrations.  The same was be done with CB1190, following growth on 1,4-dioxane as its sole 
source of carbon and energy in ammonium mineral salt medium (AMSM).  The intent of serial 
dilutions was to determine the lowest rate of biodegradation of 1,4-dioxane that can be quantified 
using the 14C assay.  Purified 14C-1,4-dioxane was added to the dilutions and rates of accumulation 
of 14C-labeled degradation products were measured.  Total 1,4-dioxane was also monitored using 
micro-frozen extraction of a water sample followed by analysis on a gas chromatograph (GC) with 
a flame ionization detector, as described in Chapter 2.  A treatment without dilution of the cells 
served as a positive control, to ensure that biodegradation of 1,4-dioxane and accumulation of 14C-
labeled products proceeded to completion within several days of incubation.  Bottles were placed 
on a shaker table (100 rpm) at room temperature and were monitored weekly for 42 days for 
accumulation of 14C-labeled products. 
To validate the role of monooxygenases in biodegradation of 1,4-dioxane during the 14C 
assay, inhibition tests with acetylene and the absence of oxygen were performed.  Monooxygenase 
enzymes are critical to biodegradation of 1,4-dioxane via metabolic and cometabolic pathways 
(Gedalanga et al., 2014; Li et al., 2013; Mahendra and Alvarez-Cohen, 2006; Sales et al., 2013).  
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As the simplest alkyne, acetylene inactivates a variety of bacterial monooxygenases (Li et al., 
2013).  Oxygenase inhibition with acetylene was tested with CB1190 and ENV487 (⁓1010 
cells·mL-1) in media (AMSM and BSM, respectively).  Serum bottles (160 mL) with 100 mL of 
media amended with 10 mg·L-1 of unlabeled 1,4-dioxane (triplicates) were incubated using four 
treatments: 1) in the absence of oxygen; 2) aerobic, 8% acetylene added to the headspace (Li et 
al., 2013); 3) aerobic, acetylene added and then removed, to evaluate if inhibition is reversible; 
and 4) aerobic, no acetylene added (positive control).  Anaerobic conditions for treatment #1 were 
established by sparging the headspace with high purity N2, scrubbed of traces of oxygen by passage 
through a titanium citrate solution.  For treatments #2 and #3, 4.8 mL of acetylene was injected 
into the headspace.  For treatment #3, acetylene was kept in the bottle for 30 min, followed by 
stripping with high purity N2 for 5 min; the bottles were then left open to room air as a supply of 
oxygen.  Treatments #1, #2, and #4 received purified 14C-1,4-dioxane; another set did not.  The 
initial concentration of 1,4-dioxane was approximately 10 mg·L-1.  Bottles were placed on a shaker 
table (100 rpm) at room temperature and were monitored weekly for 42 days for 14C-labeled 
products and for total 1,4-dioxane. 
5.3.8 Sample Handling Effect  
The 14C assay begins with obtaining groundwater samples in the field and shipping those 
overnight on ice to the laboratory, where the bottles are then warmed to room temperature 
overnight.  Experiments were performed to evaluate if this method of sample handling had an 
impact on the rate of 1,4-dioxane biodegradation.  ENV487 and CB1190 were used to assess the 
impact of sample handling.  The cultures were grown in medium and then CB1190 was added to 
groundwater samples from Site 6, Well 2 and ENV487 was added to samples from Site 6, Well 3.  
These groundwater samples contained no detectable levels for VOCs, which could potentially 
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inhibit 1,4-dioxane biodegradation.  Three treatments were used to test the effects of temperature, 
each in triplicate: 1) the assay was started immediately after adding the cultures, with no cooling 
and reheating; 2) the cultures were added and the bottles were stored on ice overnight, then warmed 
to room temperature in 25 min by immersing the bottles in room temperature water; 3) the cultures 
were added and the bottles were stored on ice overnight, then warmed to room temperature 
overnight; this replicated the normal sample handling procedure.  Purified 14C-1,4-dioxane was 
added once the bottles were at room temperature.  Following growth in medium to a density of 
~1010 cells·mL-1, the experiments were inoculated CB1190 (10-2) and ENV487 (10-1).  These 
concentrations were selected based on results from the assay validation experiments described 
above.  Positive controls were set up with medium (AMSM or BSM) inoculated with the culture; 
negative controls consisted of bottles with groundwater only (no inoculation).  For the set 
inoculated with CB1190, two batches were prepared at different initial concentration of 1,4-
dioxane; one set received 10 mg·L-1, the other received 0.163 mg·L-1.  Bottles were placed on a 
shaker table (100 rpm) at room temperature and were monitored weekly for 14C-labeled products 
over 42 days of incubation. 
5.3.9  Nutrient Effect 
The effect of nutrient amendments on the rate of 1,4-dioxane biodegradation was evaluated 
using groundwater samples from three sites that contained low levels of VOCs.  As will be shown, 
groundwater from these wells did not have a detectable level of 1,4-dioxane biodegradation.  To 
increase the likelihood of biodegradation, treatments were prepared that were inoculated with 
CB1190 and ENV487, with varying levels of nutrients added.  As with the sample handling 
experiments, the cultures were grown in medium and then CB1190 was added to groundwater 
samples from Site 6, Well 2 and ENV487 was added to samples from Well 3.  Groundwater from 
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Site 8 Well 4 was also evaluated, but only with CB1190.  Microcosms were prepared following 
the standard assay protocol (i.e., 100 mL of groundwater added to 160 mL serum bottles).  The 
bottles were inoculated with cultures grown to ~1010 cells·mL-1; 10-2 for CB1190 and 10-1 for 
ENV487.  These inoculum levels were selected based on the results from the validation 
experiments described above.  Four treatments were evaluated: 1) groundwater only; 2) 
groundwater inoculated with CB1190 or ENV487; 3) groundwater inoculated with CB1190 or 
ENV487 and amended with 5% (v/v) AMSM in bottles with CB1190 and BSM for bottles with 
ENV487; and 4) 100% medium inoculated with CB1190 or ENV487 (positive controls).  For the 
bottles with samples from Site 8, an additional treatment of 5% nutrients added to groundwater 
without inoculation was used to monitor the effect of nutrients on indigenous 1,4-dioxane-
degraders.  Purified 14C-1,4-dioxane was added to all bottles, which were then placed on a shaker 
table (100 rpm) at room temperature and were monitored weekly for 14C-labeled products over 42 
days of incubation.  Total 1,4-dioxane was measured by GC analysis (Chapter 2) in a parallel set 
of bottles with groundwater amended with an initial 1,4-dioxane level comparable to bottles 
amended with the 14C-1,4-dioxane.  Duplicates were prepared for all treatments except for 
triplicates with the 100% medium treatment. 
5.3.10  Modeling to Determine First-Order Rate Coefficients 
Pseudo-first order rate coefficients for biodegradation of 1,4-dioxane were determined 
following the mass balance approach used by Mills et al. (2018) for trichloroethene.  Since 1,4-
dioxane is essentially nonvolatile, one of the modifications was to eliminate the part of the mass 
balance that keeps track of 14C-1,4-dioxane in the headspace of the bottles.  For a majority of the 
groundwater samples tested, the concentration of 1,4-dioxane already present plus the amount 
added with the 14C-1,4-dioxane, resulted in initial concentrations below 1 mg·L-1.  The initial 
81 
 
concentrations were therefore below the half saturation constant (~6-15 mg·L-1) for known 
metabolic and cometabolic 1,4-dioxane-degraders (Barajas-Rodriguez and Freedman, 2018).  
Consequently, first-order kinetics were selected to represent the rate of 1,4-dioxane degradation.  
However, since the amount of 1,4-dioxane degrading cells in the groundwater microcosms was 
not determined, and the rate coefficients developed through the model could not be normalized to 
the amount of biomass.  Therefore, the assumption was made that the amount of biomass present 
remained unchanged during the assay, which is consistent with the assumption of pseudo first-
order reaction kinetics (Mills IV et al., 2018). 
The accumulation of 14C-prodcuts over time was used to determine the pseudo first-order 
rate coefficients (k) by fitting experimental data to a mass balance model for 14C in the microcosms.  
Rate coefficients were determined using the optimization solver MATLAB by minimizing the sum 
of squared errors between the prediction and the 14C product accumulation data over time.  
Triplicate bottles were fit simultaneously to obtain a single value for k (Mills et al., 2018).  
MATLAB rate coefficients were compared to ones obtained through a spreadsheet in Excel to 
validate calculations performed in the script.  Overall, the difference between the two methods was 
not significant (0.04 ± 0.06%).   
k values and 95% confidence intervals were determined with MATLAB for the 
groundwater microcosms (kexperimental) and the FSGW microcosms (kFSGW).  When the rate 
coefficients for both were statistically significant, a net rate coefficient for the groundwater (knet) 
was calculated by subtraction: 
𝑘𝑛𝑒𝑡 = 𝑘𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑎𝑙 − 𝑘𝐹𝑆𝐺𝑊        (5 − 5) 
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where Stdnet is the standard deviation for knet; n1 and n2 are the number of measurements taken for 
the experimental and FSGW bottles, respectively; std1 and std2 are the standard deviations for the 
experimental and FSGW bottles, respectively; and  tα/2,df is the critical Student’s t value for the 
pooled sample. 
5.3.11 Liquid Scintillation Counting 
Beta radiation measurements were made using of a Liquid Scintillation Analyzer (Tri-
Carb® 2910 TR, PerkinElmer).  QuantaSmart™ was used as the interface.  The assay parameters 
were set up for DPM (single) measurements.  The instrument protocol was as follows: 
Count conditions: 14C radionuclide 
Count Mode: Normal 
Quench Set: 14C; Quench Indicator: tSIE/AEC 
External Std Terminator: 0.5 2s%; Pre-count Delay (min): 0.00; Count Time (min): 15 
 Assay Count Cycles: 1; Repeat Sample Count: 1 
#Vials/Sample: 1 
Count Corrections: Special Conditions: Static Controller 





5.4  Results 
5.4.1  14C-1,4-Dioxane Purification and Addition 
During the purification process, >90% of the 14C activity injected onto the HPLC was 
recovered in the 1,4-dioxane fraction (22.4 to 26.0 min).  None of the other fractions that were 
collected contained 14C activity above background.  The activity level in the purified 14C-1,4-
dioxane from each trapping event was relatively consistent, with an average of 976,473 ± 62,366 
dpm·mL-1 (Figure S5.1-5). 
Addition of the purified 14C-1,4-dioxane to the microcosms (0.5 mL per bottle) increased 
the initial concentration of 1,4-dioxane by ⁓165 µg·L-1.  The average initial dpm added per bottle 
was 548,333 ± 25,807, with no significant change during the period of use (Figure S5.1-6). 
The initial purity of the 14C-1,4-dioxane was assessed by adding 0.5 mL to triplicate bottles 
containing 1 mM HCO3
- in DDI water.  Another set received no 14C-1,4-dioxane.  Aqueous and 
headspace samples were then subjected to analysis of 14C degradation products.  The sum of the 
14CO2 and 
14C-NSR was 0.064% of the total 14C added to the bottles (Figure S5.1-7).  This is above 
an initial goal of having less than 0.01% impurities.  Nevertheless, the impurities (409 dpm/bottle, 
after subtracting activity in the bottles with no 14C added) were minor in relation to the total 14C 
added to the bottles (634,653 dpm/bottle). 
Each time an experiment was started, the purity of the stock added was assessed in the 
same manner.  Based on 16 samples analyzed, the average level of impurities at time zero for 
samples with media (AMSM and BSM) and non-inoculated was 0.023 ± 0.015%. 
Based on 246 bottles analyzed, an average level of impurities at time zero was 0.038 ± 
0.031%.  This was considered to be sufficiently low to allow for detection of biodegradation 
activity over six weeks of incubation. 
5.4.2 14C Assay Validation  
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The assay was evaluated with metabolic and cometabolic cultures (i.e., CB1190 and 
ENV487).  Following six weeks of incubation, statistically significant increases in 14C products 
occurred in all but the 10-8 dilution for CB1190.  Figure S5.2-1 shows the 14C-product 
accumulation trends.  The lowest detectable pseudo first order rate coefficient obtained (using the 
10-7 dilution) for CB1190 was 0.016 per year, corresponding to a half-life of 43 years.  For 
ENV487, the lowest rate coefficient measured (using the 10-5 dilution) was 0.021 per year, 
corresponding to a half-life of 33 years (Table 5-1).  The trends for 14C product accumulation are 
shown in Figure S5.2-2.  These results confirmed that the assay is adequately sensitive to detect 
rate coefficients that are meaningful in the context of assessing in situ remediation.  As will be 
shown below in the results for groundwater samples, even lower statistically significant rate 
coefficients were detectable, corresponding to half lives in excess of 100 years.   
The involvement of monooxygenases in biodegradation of 1,4-dioxane was assessed using 
acetylene as an inhibitor, as well as incubation in the absence of oxygen.  Both CB1190 and 
ENV487 were evaluated.  As shown in Figures S5.2-3 and S5.2-4 with unlabeled 1,4-dioxane,  8% 
acetylene added to the headspace inhibited biodegradation of 1,4-dioxane by CB1190 over 40 days 
of incubation, compared to complete removal of the contaminant in 12 days with no acetylene 
added.  The effect of acetylene was reversible when the acetylene was flushed out after 30 min of 
exposure.  Incubation in the absence of oxygen also prevented biodegradation.  When the 
experiment was repeated with 14C added at a lower initial starting concentration of 1,4-dioxane 
(0.163 mg·L-1), acetylene slowed the rate of product formation relative to the positive control with 
no acetylene added, although the rate of accumulation was statistically significant.  Likewise, 
incubation in the absence of oxygen significantly slowed but did not completely stop accumulation 
of 14C degradation products (Figure S5.2-5).   
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Similar results were obtained with ENV487.  Acetylene and anaerobic incubation inhibited 
biodegradation of unlabeled 1,4-dioxane (Figure S5.2-4).  In this case, however, acetylene 
inhibition was not reversible.  When 14C was added, acetylene and anaerobic conditions completely 
stopped accumulation of products in comparison to the positive control with no inhibition (Figure 
S5.2-6).  The results for CB1190 and ENV487 confirmed the involvement of monooxygenases 
and the potential to use acetylene inhibition and/or anaerobic incubation in the 14C assay if there 
is any doubt about the role of oxygenases in producing a positive rate coefficient. 
The effect of sample handling on measurement of rate coefficients by comparing the 
standard protocol (shipping overnight on ice, warming to room temperature overnight) to ones in 
which the length of time on ice and the length of time to warm the sample were decreased.  There 
was no statistically significant difference among rate coefficients for the standard protocol and the 
variants.  Results for 14C product accumulation are presented in Figure S5.2-7 and S5.2-8A and 
S5.2-9.  An average pseudo first order rate coefficient of 0.25 ± 0.0093 yr-1 was obtained for the 
treatments inoculated with CB1190, and 2.1 ± 0.17 for ENV487.  Similar results were obtained 
when a higher initial concentration of 1,4-dioxane (10 mg·L-1, Figure S5.2-8B) was used.  
5.4.3  Pseudo First Order Rates Constants for Groundwater Samples 
Representative results for 14C product accumulation in three of the groundwater samples 
are shown in Figure 5-1, along with the corresponding FSGW controls; results for all of the 
samples are available in the Appendix (section 5.3).  Figure 5-1 spans a range of results, i.e., a well 
with a comparatively high net rate coefficient (knet = 0.0957 year
-1; Site 3, Well 4); a sample with 
a relatively low rate coefficient (knet = 0.0209 year
-1; Site 3, Well 5); and a sample for which there 
was no statistically significant difference between the groundwater and the FSGW control (Site 5, 
Well 3).   
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Of the 49 groundwater samples analyzed, statistically significant rate coefficients were 
determined for 15; no significant rate of degradation was observed in 34 of the samples (Table 5-
5; Fig. 5-2).  The median rate coefficient observed using the 14C assay was 0.0061 yr-1 (half life = 
114 yr); the maximum rate coefficient was 0.096 yr-1 (half-life = 7.2 yr).  These results indicate 
that for most of the wells examined, biodegradation of 1,4-dioxane is occurring at a relatively slow 
rate or not at all. 
One notable outlier in the results occurred with the groundwater from Site 4 Well 1.  After 
42 days of incubation, there was no statistically significant rate of 14C product accumulation.  This 
was unexpected because prior samples from this site yielded the isolate P. dioxivorans BERK-1 
(Chapters 3 and 4).  The microcosms were allowed to incubate after the typical 42 day period used 
for the 14C assay.  On day 243, the concentration of 1,4-dioxane was checked using the gas 
chromatography method (Chapter 2) and was below detection (25 µg·L-1).  There was no 
detectable 14C-1,4-dioxane remaining and the main 14C-labeled compound remaining was 14CO2.  
At some point between days 42 and 243, microbes in the groundwater consumed the 1,4-dioxane, 
from an initial concentration on 252 µg·L-1.  A half life of 0.28 yr was estimated, assuming a linear 
rate of consumption between days 42 and 243; from that a rate coefficient of 2.5 yr-1 was 
calculated.  This was approximately 26 times higher than the highest rate determined with the 14C 
assay. 
Based on the result described above, 1,4-dioxane levels in 24 other microcosms were 
examined by gas chromatography after 160-317 days of incubation.  A statistically significant 
decrease in 1,4-dioxane was observed in microcosms from only four of these wells (Site 3, Wells 
3, 4, and 5; Site 4 Well 4; Table 5-3).  For each of them, the 14C assay yielded a statistically 
significant rate coefficient, indicating good agreement between the observations.  For the other 11 
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well samples that yielded a statistically significant rate coefficient based on the 14C assay, the 
magnitude of decrease in total 1,4-dioxane was not significant.  However, the rate coefficients for 
these wells were sufficiently low that a measurable decrease in 1,4-dioxane based on the GC 
method was not expected.  For example, the rate coefficient for Site 5 Well 2 determined by the 
14C assay was 0.00422 yr-1.  With that coefficient, the 1,4-dioxane concentration would be 
expected to decrease by only 0.6 µg·L-1 after 208 days of incubation; that is too small a decrease 
to detect with the GC method used.   
The percentage of oxygen in the headspace of the microcosms was evaluated at the end of 
the incubation period for the 14C assay, and after extended incubation in a subset of the 
microcosms.  Oxygen consumption was expected to serve as a surrogate for biodegradation of any 
organic compound, not just 1,4-dioxane.  However, a statistically significant decrease in the 
percent oxygen occurred in microcosms for only two groundwater samples (Site 3, Wells 3 and 4).  
Both also has statistically significant rate coefficients according to the 14C assay and both 
experienced a statistically significant decrease in 1,4-dioxane based on the end of incubation GC 
analysis.  The low level of positives for oxygen consumption suggested that the majority of 
groundwater samples were low in biodegradable organic matter.   
Replicate samples were obtained from six wells, ranging from 12 to 16 months after the 
initial samples were collected.  One of the motivations for doing so was to determine if the first 
set of 14C results could be replicated at a later date.  As shown in Figure 5-3, the rate coefficients 
for three of the wells was not statistically significant for the first and second sampling event.  The 
first sampling event for Site 4 Well 1 produced the outlier described above (i.e., extended 
incubation was required to produce a significant rate coefficient.  With the second sample, a 
statistically significant rate coefficient was determined with the 14C assay, although it was notably 
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lower compared to the estimate based on the GC measurements.  With Site 4 Well 2, the samples 
yielded statistically significant rate coefficients for both sampling events.  The average rate 
coefficient was approximately double for the second event, but the differences were not 
statistically significant.  With Site 4 Well 4, a significant rate coefficient was determined for the 
first sampling event but not the second.  These results indicate good reproducibility in the 14C 
assay when there is an absence of 1,4-dioxane biodegradation.  Results were more variable when 
degradation was detectable, suggesting that repeat samples may be advisable to gain greater 
confidence in positive results.    
Chlorinated VOCs in general, and 1,1-DCE in particular, are known to inhibit aerobic 
biodegradation of 1,4-dioxane.  The groundwater samples had variable levels of VOCs, ranging 
from non-detect to ~70 µM (Figure 5-4A).  This represents the sum of the chlorinated ethenes and 
ethanes.  The higher rate coefficients for 1,4-dioxane biodegradation were detected at low or no 
VOCs.  However, one of the rate coefficients was determined in the presence of ~7 µM VOCs.  A 
similar pattern emerged for 1,1-DCE, with the highest rate coefficients occurring when 1,1-DCE 
was non-detect.  However, rate coefficients were detected with as much as 160 µg·L-1 of 1,1-DCE 
present.  These results indicate that, in groundwater samples, VOCs partially inhibited 1,4-dioxane 
biodegradation, i.e., the presence of VOCS does not preclude the occurrence of degradation, but 
they are likely to reduce the rate.   
5.4.4 Nutrients Effect 
One of the potential limitations of using only groundwater in the 14C assay is a lack of 
nutrients needed for biodegradation of 1,4-dioxane, especially for microbes that use the compound 
as a growth substrate.  Experiments were therefore performed to evaluate the effect of nutrient 
supplements in microcosms with only groundwater, or groundwater inoculated with CB1190 or 
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ENV487.  Nutrients were provided in the form of the medium used to grow each culture (i.e., 
AMSM for CB1190 and BSM for ENV487).   
Three groundwater samples were evaluated:  Site 8 Well 4 (Fig. 5-5), Site 6 Well 2 (Fig. 
5-6), and Site 6 Well 3 (Fig. 5-7).  For Site 8 Well 4, the microcosms with only groundwater and 
groundwater plus 5% nutrient medium did not exhibit statistically significant rates of 1,4-dioxane 
biodegradation.  Both treatments with groundwater inoculated with CB1190 exhibited statistically 
significant rates of 14C product formation.  The treatment that received 5% addition of nutrient 
medium plus CB1190 exhibited a rate of accumulation approximately four times higher than 
groundwater plus CB1190 alone, indicating the groundwater was lacking in nutrients needed by 
CB1190.  The treatment with 100% nutrient medium exhibited a rate that was an order of 
magnitude higher than the treatment with 5% added.  Thus, a 5% addition of nutrient medium had 
an effect but was still below the amount needed for the highest possible rate of biodegradation.  
The percent degradation of 1,4-dioxane for each treatment at the end of the incubation period (42 
days) were as follows: none for both treatments with 5% nutrients (AMSM) only and inoculated 
with CB1190 only; 12% for bottles with CB1190 and 5% nutrient added; and 27% for CB1190 in 
AMSM (Fig. 5-5B). 
Results for Site 6 Well 2 (Fig. 5-6) were similar.  There was no statistically significant 
accumulation of 14C products in the treatment with only groundwater.  Both of the treatments with 
groundwater that were inoculated with CB1190 exhibited statistically significant rates of 14C 
product formation.  The treatment that received a 5% addition of nutrient medium exhibited a rate 
of accumulation approximately two times higher than groundwater alone, indicating that the 
groundwater was lacking in nutrients needed by CB1190.  The treatment with 100% nutrient 
medium exhibited a rate that was an order of magnitude higher than the treatment with 5% added.  
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Thus, a 5% addition of nutrient medium had an effect but was still below the amount needed for 
the highest possible rate of biodegradation.  Biodegradation of 1,4-dioxane for each treatment at 
the end of the incubation period (42 days) was 58% for the treatment inoculated with CB1190 
only, and 100% for bottles with CB1190 in AMSM (Fig. 5-6B). 
The effect of nutrients on ENV487 was explored with groundwater from Site 6 Well 3 (Fig. 
5-7).  Treatments with groundwater inoculated with ENV487 exhibited statistically significant 
rates of 14C product formation.  The treatment that received 5% addition of nutrient medium and 
inoculated with ENV487 exhibited a rate of accumulation approximately two times higher than 
groundwater and ENV487 alone, indicating that the groundwater was lacking in nutrients needed 
by ENV487.  The treatment with 100% nutrient medium exhibited a rate that was an order of 
magnitude higher than the treatment with 5% added.  Thus, a 5% addition of nutrient medium had 
an effect but was still below the amount needed for the highest possible rate of biodegradation.  
Biodegradation of 1,4-dioxane for each treatment at the end of the incubation period (42 days) 
reached 32% for bottles inoculated with ENV487 only; 54% for bottles with ENV487 and 5% 
nutrient; and 100% for ENV487 in BSM (Fig. 5-6B).  Taken together, these results suggest that a 
deficiency in nutrients may be limiting biodegradation of 1,4-dioxane in the 14C assay when only 
groundwater is used.   
5.5  Discussion 
Implementation of a 14C assay to quantify biodegradation rate coefficients requires that the 
labeled material be of sufficiently high purity so that detection of degradation products is not 
obscured by the presence of impurities.  Manufacturers of 14C labeled compounds typically provide 
material that is in the range of 96-98% radiochemical pure.  That means that 2-4% impurities may 
be present.  Also, the purity is determined shortly after synthesis.  Some degree of auto-degradation 
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is likely before the material is ready for use in the assay.  The results of this research have validated 
that passage of a stock solution through an HPLC column yields a product that is adequately pure 
for use in a 14C assay, with only ~0.038 ± 0.031% impurities detected when microcosms were 
initiated.  Although this exceeds the goal of 0.01%, the difference between the measured level and 
the target is not statistically significant (p > 0.05).   
One of the uncertainties with a positive result from the 14C assay is whether or not the 
degradation activity can be attributed to bacteria that express monooxygenases.  This is especially 
relevant because measuring monooxygenases is faster and less costly, and the presence of 
monooxygenases could be used as a surrogate to estimate the rate of 1,4-dioxane biodegradation.  
A similar approach has been proposed for TCE (Wilson et al., 2019).  Two of the ways to assess 
the involvement of monooxygensases is inhibition with acetylene and incubation in the absence of 
oxygen.  In experiments with CB1190 and ENV487 added to groundwater samples, acetylene and 
lack of oxygen did inhibit accumulation of 14C degradation products.  This indicates that a positive 
test with groundwater could be followed up with inhibition tests to validate the involvement of 
monooxygenases.  The reversible inhibition for CB1190 following removal of acetylene has been 
reported previously (Gedalanga et al., 2014; Mahendra and Alvarez-Cohen, 2006).  Non- 
reversible inhibition was observed with ENV487.  The extent of acetylene inhibition varies with 
the type of monooxygenases present (Li et al., 2013). 
The 14C assay appears to be robust with respect to how the groundwater samples are 
handled, which includes shipping on ice overnight, followed by gradually warming the samples to 
room temperature overnight, prior to adding 14C-1,4-dioxane.  To assess this, the assay was 
performed with groundwater to which CB1190 or ENV487 was added.  Regardless of how the 
samples were handled, including no cooling and immediate addition of 14C-1,4-dioxane, there was 
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no difference in the rates of 14C product accumulation. In contrast, Mills et al. (2018) observed a 
modest decrease in rate coefficients between standard sampling processing and starting the 14C-
TCE assay with no cooling or rewarming.  The results of this study indicate it would be possible 
to start the assay on the same day that samples are received, rather than waiting to warm the 
samples overnight.      
Having validated the assay, it was deployed to test groundwater samples from 10 sites 
across the U.S.  Statistically significant rate coefficients were determined for approximately one-
third of the samples.  For Site 3, which had the three highest rate coefficients, propane biosparging 
had been used in the recent past, so the significant activity in those samples is likely related.  For 
the other samples with statistically significant rate coefficients, most of the corresponding half-
lives are close to or above 100 years.  This suggests that biodegradation is occurring, but at a rate 
that may not be meaningful in terms of natural attenuation.  Alternatively, the 14C assay may be 
underestimating the in situ degradation rates, as suggested by results with nutrient amendments.  
A key advantage for a groundwater-only assay is the lower cost and complexity associated with 
collecting groundwater alone versus soil cores.  However, the soil likely harbors many of the 
nutrients needed for metabolic degradation of 1,4-dioxane.  On this basis, the groundwater 14C 
assay may be viewed as a screening tool, i.e., in the event that a statistically significant rate is 
detected, it may be worthwhile to construct microcosms with soil and groundwater.  The presence 
of the soil will allay any concerns about a lack of nutrients, as well concerns regarding a low level 
of microbes.  The 14C assay is very sensitive, so the likelihood of missing the fact that 1,4-dioxane 
biodegradation is occurring seems remote.   
Development and testing of the 14C assay for 1,4-dioxane was part of a larger ESTCP 
project that includes collection of data from seven of the 10 sites for concentration versus distance, 
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the presence of biomarkers for 1,4-dioxane biodegradation, compound specific isotope analysis, 
and site conditions that influence 1,4-dioxane biodegradation (VOCs, co-substrate, dissolved 
oxygen, and concentration of 1,4-dioxane).  Although not yet finalized, results from the ESTCP 
project indicate that detection of 1,4-dioxane biodegradation activity using the 14C assay correlates 
well with site evidence based on decreases in concentration along the axis of the plume, the 
presence of DMXO, and enrichment in 13C and 3H.  These multiple lines of evidence support the 
occurrence of natural attention of 1,4-dioxane, even though at six of the seven sites the conditions 
are less than favorable, e.g., due to high levels of VOCs, the absence of co-substrate (as indicated 
by low levels of organic compounds), low dissolved oxygen, and/or levels of 1,4-dioxane that are 
likely too low to support its use as a sole source of carbon and energy.  The 14C assay provides a 
conclusive and novel tool for helping build a conceptual site model that is based on natural 
attenuation.  Unlike the other lines of evidence often used to assess MNA, the 14C assay is based 
on the recovery of products that only form via biodegradation.   
5.6  Conclusions 
It was confirmed that custom synthesized 14C-1,4-dioxane can be adequately purified from 
a stock solution of 14C-14,dioxane/butanol via HPLC.   
The 14C assay was validated with metabolic and cometabolic cultures (i.e., CB1190 and 
ENV487, respectively).  Detection limits for both cultures were on the same order of magnitude, 
with half-lives of 43 and 33 years for CB1190 and ENV487, respectively. 
Oxygenase activity required for biodegradation of 1,4-dioxane was confirmed by inhibition 
with acetylene and anaerobic incubation.  A reversible inhibition effect was seen with CB1190 
once acetylene was removed, whereas the cometabolic culture ENV487 presented an irreversible 
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inhibition effect.  Both cultures remained inhibited when acetylene was retained in the bottle and 
under anaerobic conditions. 
The process used to handle the groundwater samples did not affect determination of the 
rate coefficients.  Cooling of the sample (as required for shipment overnight), and rapid warming 
(versus gradual warming overnight) did not have a statically significant impact on the rate 
coefficients.  In contrast, adding nutrients did have a significant impact on metabolic and 
cometabolic cultures.  Nutrient limitation must therefore be considered when interpreting rate 
coefficients from the 14C assay based only on groundwater, i.e., in the absence of soil.    
Of the 49 groundwater samples evaluated, statistically significant rate coefficients were 
determined for 15; no significant rate of degradation was observed in 34 of the samples.  The 
median rate coefficient observed using the 14C assay was 0.0061 yr-1 (half life = 114 yr); the 
maximum rate coefficient was 0.096 yr-1 (half-life = 7.2 yr).  These results indicate that for most 
of the wells examined, biodegradation of 1,4-dioxane is occurring at a relatively slow rate or not 
at all.  There appears to be good correlation between results from the 14C assay and other lines of 
evidence for the occurrence of biodegradation that are being collected as part of an ESTCP project.    
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5.7  Tables for Chapter 5 
 
 
Table 5-1.  Rate coefficients determined with CB1190 and ENV487. 
Culture Dilution  Protein (mg·L-1) k (yr-1) Half-Life (yr) 
CB1190 10-2 1.20E+00 1.80E+00 0.40 
 10-3 1.20E-01 5.50E-01 1.3 
 10-4 1.20E-02 1.10E-01 6.1 
 10-5 1.20E-03 4.00E-02 17 
 10-6 1.20E-04 3.50E-02 20 
 10-7 1.20E-05 1.60E-02 44 
 10-8 1.20E-06 NSa - 
 
 
ENV 487 10-2 1.40E-01 2.20E+00 0.3 
 10-3 1.40E-02 2.30E-01 3.1 
 10-4 1.40E-03 6.20E-02 11 
 10-5 1.40E-04 2.10E-02 33 
a NS = not statistically significant.  
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(yr-1) FSGW k (yr-1) Net k  (yr-1) Net t1/2 (yr) 
2 1 0.0041 ± 0.0018 0.002 ± 0.0012  0.0021 ± 0.0021 328 ± (165, 27514) 
3 
3 0.0156 ± 0.0033 0.0042 ± 0.0019 0.0114 ± 0.0033 61 ± (46, 90) 
4 0.1094 ± 0.0153 0.0137 ± 0.0019 0.0957 ± 0.0149 7 ± (6.3, 8.6) 
5 0.0286 ± 0.0048 0.0077 ± 0.0024 0.0209 ± 0.0052 33 ± (27, 44) 
 1 0.025 ± 0.0098 0.0091 ± 0.0056 0.0159 ± 0.0110 44 ± (26, 141) 
4 
2 0.0142 ± 0.0043 0.0081 ± 0.003 0.0061 ± 0.0051 113 ± (62, 651) 
2a 0.0234 ± 0.0107 0.0091 ± 0.0056 0.0143 ± 0.0117 49 ± (27, 271) 
4 0.0127 ± 0.0025 0.0054 ± 0.0015 0.0073 ± 0.0028 95 ± (69, 153) 
5 
1 0.007 ± 0.0023 0.0033 ± 0.0023 0.0037 ± 0.0023 189 ± (102, 1254) 
2 0.0086 ± 0.0029 0.0044 ± 0.0014 0.0042 ± 0.0032 164 ± (94, 650) 
6 3 0.0081 ± 0.0018 0.0054 ± 0.0016 0.0026 ± 0.0023 262 ± (140, 2001) 
7 4 0.0076 ± 0.0029 0.0026 ± 0.0014 0.005 ± 0.0031 140 ± (86, 376) 
8 
3 0.0083 ± 0.0039 0.003 ± 0.0029 0.0053 ± 0.0048 131 ± (69, 1281) 
4 0.0105 ± 0.0045 0.0055 ± 0.0022 0.005 ± 0.0048 140 ± (71, 5208) 
4b 0.016 ± 0.0077 0.0055 ± 0.0022 0.105 .0078 66 ± (38, 251) 
a Resampled. 




Table 5-3.  1,4-Dioxane GC measurements for groundwater 
samples that exhibited a statistically significant decrease during the 
extended incubation period.    
  1,4-Dioxane (µg·L-1) 
Well  Initial Final 
Site 3, Well 3 416 ± 10a 325 ± 36 
Site 3, Well 4 162 ± 4.7 98 ± 17 
Site 3, Well 5 257 ± 6.3 195 ± 31 
Site 4, Well 1 251 ± 54 0 ± 0.0 
Site 4, Well 4 511 ± 15 479 ± 13 























Figure 5-1.  14C-prodcuts accumulation for the highest rate constant (Site 3, Well 4), a low rate 
























Site 3, Well 4 









































































Figure 5-2.  Net rate coefficients for all groundwater samples.  The absence of a bar indicates the rate coefficient was not different from 







Figure 5-3.  Comparison of net first order rate coefficients between the first and second sampling 





Figure 5-4.  Correlation between first order degradation rate coefficients and the concentration of  







































Figure 5-5.  Effect of nutrient addition in microcosms (Site 8, Well 4) bioaugmented with CB1190.  
A) accumulation of 14C products; B) total unlabeled-1,4-dioxane based on GC measurements.  
“GW” stands for groundwater.    
y = 1.5647x + 484.76
R² = 0.0072
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R² = 0.0013
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Figure 5-6.  Effect of nutrient addition in microcosms (Site 6, Well 2) bioaugmented with CB1190.  
A) accumulation of 14C products; B) total unlabeled-1,4-dioxane based on GC measurements.  
“GW” stands for groundwater.  
y = 1.9482x + 29.958
R² = 0.0773
y = 210.86x + 206.64
R² = 0.9597
y = 453.74x - 418.63
R² = 0.9379
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Figure 5-7.  Effect of nutrient addition in microcosms (Site 6, Well 3) bioaugmented with 
ENV487.  A) accumulation of 14C products; B) total unlabeled-1,4-dioxane based on GC 
measurements.  “GW” stands for groundwater.  
y = 11487x + 36424
R² = 0.764
y = 1968.8x + 1791
R² = 0.9447
y = 1128.4x + 14625
R² = 0.549




























100% BSM + ENV487 (10^-1)
GW + ENV487 (10^-1) + 5% BSM






























GW + ENV487 (10^-1) Only
GW + ENV487 (10^-1) + 5% BSM
100% BSM + ENV487 (10^-1)




6. IDENTIFICATION OF FORMATE AS A PRODUCT FROM PROPANOTROPHIC 
COMETABOLISM OF 1,4-DIOXANE 
6.1  Abstract 
Fractionation of the non-strippable residue (NSR) products through a high performance 
liquid chromatography (HPLC) method was done to further identify metabolites present in the 
cometabolic pathway for 1,4-dioxane (mediated by propanotrophic culture ENV487).  Fractions 
at different intervals were collected and sent to count for activity (degradation per minute or dpm).  
Segments were selected by injecting stock solutions of known metabolites in the metabolic 
pathway of 1,4-dioxane and checked for their respective elution time.  Counting results suggest 
formate had the highest count, followed by acetate, glycerate, glycolaldehyde, ethylene glycol and 
glycolate, which were above 5% of the total activity injected.  An enzymatic assay using formate 
dehydrogenase further confirmed formate as the fraction with the highest activity collected 
(~68%).  This is the first report of formate being part of the metabolic pathway for the co-oxidation 
process of 1,4-dioxane. 
6.2  Introduction 
The groundwater contaminant 1,4-dioxane is transformed by several monooxygenase-
expressing microorganisms.  The number of bacteria known with the ability to use 1,4-dioxane as 
a sole source of carbon has been increasing in recent years.  Bacteria identified with the ability to 
co-oxidize 1,4-dioxane has been on the rise as well (Deng et al., 2018; Inoue et al., 2016; 
Kohlweyer et al., 2000; Kukor and Olsen, 1990; Masuda, 2009; Nelson et al., 1986; Ooyama and 
Foster, 1965; Reichert et al., 1998; Sei et al., 2013b; Steffan et al., 1997; Stringfellow and Alvarez-
Cohen, 1999; Sun et al., 2011; Vainberg et al., 2006; Whited and Gibson, 1991; Whittenbury et 
al., 1970).  Co-oxidizing microbes are able to initiate fission of the ring structure but are unable to 
shuttle the resulting products into metabolic pathways linked to growth (Lippincott et al., 2015).  
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Thus far, the metabolic pathway for 1,4-dioxane has been reported (Grostern et al., 2012; 
Mahendra et al., 2007; Sales et al., 2013; Stefan and Bolton, 1998), and a limited number of reports 
have addressed the products formed during cometabolic degradation for 1,4-dioxane (Grostern et 
al., 2012; Sales et al., 2013; Vainberg et al., 2006).  Nevertheless, there is an incomplete 
understanding of the steps involved and the products formed.  The objective of this study was to 
identify the main products formed during co-oxidation of 1,4-dioxane by the mixed propanotrophic 
culture ENV487.  14C-1,4-dioxane was used to allow for identification and quantification of 14C-
labeled products. 
6.3  Materials and Methods 
6.3.1  Chemicals and Culture 
ENV487 was obtained from Chicago Bridge & Iron, courtesy of Dr. Robert Steffan.  
Growth on propane are described in Chapter 2.  Propane was obtained from Airgas (99.5%);  
formate dehydrogenase (8.8 units/mg protein) and nicotinamide adenine dinucleotide (NAD+) 
were from Sigma-Aldrich; and KH2PO4 was from Sigma-Aldrich. 
6.3.2  Characterization of Non-strippable Residue 
ENV487 was grown to the exponential phase, centrifuged (10,750xg, 15 min), and 
resuspended in basal salt medium (BSM).  The 14C assay described in Chapter 5 was used.  Purified 
14C-1,4-dioxane and unlabeled 1,4-dioxane were added to achieve an initial concentration of ~10 
mg·L-1.  During incubation of ENV487 with 14C-1,4-dioxane, there was significant accumulation 
of 14C-laeled non-strippable residue (NSR); this did not occur with CB1190, indicating that 
accumulation of 14C-NSR is likely an indicator of cometabolic degradation.  With CB1190, >90% 
of the 14C-1,4-dioxane was converted to 14CO2.   
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A preliminary test was done to evaluate the rate and magnitude 14C-NSR accumulation.  
One 160 mL serum bottle with 100 mL of BSM was inoculated with ENV487 (~20 mg per mL of 
protein per bottle).  The total concentration of 1,4-dioxane was determined by gas chromatography 
(GC), as described in Chapter 2.  In order to have sufficient 14C-NSR to evaluate the products 
formed, a goal was set to accumulate at least 22,000 dpm (0.01 µCi) per bottle.  That was achieved 
by the time most of the 1,4-dioxane was biodegraded. 
A second experiment was set up under the same conditions but in triplicate, with the goal 
of generating enough 14C-NSR to be used for identification of products.  When that goal was 
reached, the remaining medium in the bottles was centrifuged (10,750xg, 15 min), decanted and 
filtered (0.2 µm, 47 mm filters, WhatmanTM; Millipore Sigma, St. Louis, Missouri) to remove the 
cells.  The filtered NSR was then concentrated 26-fold by lyophilization (VirTis, Benchtop 2K, 
4K, 6K).  Concentration was needed because when the 14C-NSR is injected onto the HPLC, it is 
diluted by the mobile phase, making it more difficult to detect 14C activity in the fractions that 
were trapped for analysis.  Samples remained frozen at -18°C and were thawed before further 
analysis.  Filtered and concentrated NSR (100 µL) was injected onto the HPLC column (as 
described in Chapter 5) and fractions were collected based on the elution times of potential co-
oxidation products. 
Elution times for these compounds were evaluated using authentic compounds.  The 
collection times were adjusted for the lag time from the refractive index (RI) detector to the point 
where the mobile phase discharged from tubing connected to the RI (0.66 min).  The candidate 
products formed (in order of elution time) were based on a reported metabolic pathway (Grostern 
et al., 2012), as follows: 1) oxalate; 2) glyoxylate; 3) glyoxal; 4) glycerate; 5) glycolaldehyde; 6) 
glycolate; 7) acetate; and 8) ethylene glycol.  Stock solutions (1 M) were tested beforehand (1 M 
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each) to determine trapping times for the eluted fractions.  Since glycerate and glycolaldehyde co-
elute with the method described in Chapter 5, modifications were made to achieve separation.  The 
flow rate was reduced from 0.6 to 0.4 mL/min and the column temperature was changed from 
room temperature (~22 ᵒC) to 30 ᵒC.  Table 6-1 shows the trapping times.  Each fraction collected 
was counted for 14C activity in liquid scintillation cocktail (Chapter 5). 
The main purpose of the sorbent cartridge used in the 14C assay (Chapter 5) was to remove 
residual 1,4-dioxane from the NSR.  The extent to which the sorbent also removes potential co-
oxidation products was evaluated.  Stock solutions (1 mM) of the eight candidate compounds were 
passed through a cartridge and the concentrations were measured by HPLC.  The range of recovery 
was 63-100% (Table 6-1).  Losses of each compound were also evaluated during lyophilization, 
with a range of recovery of  2.9-100% (Table 6-1).  Losses during passage through the sorbent and 
lyophilization were considered to be low enough to not interfere with identifying the predominant 
components in the NSR. 
The overall recovery of 14C during passage of the concentrated NSR through the HPLC 
was determined by summing together the 14C (measured as disintegrations per minute, dpm) in all 
fractions and dividing by the total dpm injected onto the HPLC (determined by counting a 100 µL 
aliquot). 
6.3.3  Formate Dehydrogenase Assay  
As the results will show, the highest amount of 14C-NSR formed eluted in a fraction 
corresponding to formate.  Additional evidence was needed to verify the identity of the compound.  
An enzymatic method was used, as previously described (Darlington et al., 2008).  Briefly, the 
following reagents were combined in a cuvette (polystyrene material, with 1-cm light path, VWR):  
160 µL of concentrated NSR (composited from the triplicate bottles, adjusted to pH 7); 20 µL of 
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0.05 M NAD+; 800 µL 0.5 M KH2PO4 buffer; and 20 µL of 40 units per mL formate 
dehydrogenase.  In the presence of NAD+ and formate dehydrogenase, formate is converted to 
CO2 + NADH: 
𝐻𝐶𝑂2
− → 𝐶𝑂2 + 2𝑒
− + 𝐻+ 
𝑁𝐴𝐷+ + 2𝑒− + 𝐻+ → 𝑁𝐴𝐷𝐻 
NADH was detected by UV at 340 nm, using a Varian, Cary 50 Bio UV-Visible spectrophotometer 
equipped with Scanning Kinetics software.  The software settings were:  340 nm; a scan rate of 
4,800 nm per min; collection with a single cycle of 2 min; total run time of 60 min.  A composite 
of three fractions of lyophilized 14C-NSR was evaluated.  The fractions evaluated were the ones 
corresponding to formate and other compounds close to its elution time: glycerate, glycolaldehyde, 
glycolate, acetate and ethylene glycol.  Positive controls consisted of 0.2 and 0.02 mM solutions 
of formate and the negative control consisted of a reagent blank (i.e., all reagents were present 
except formate). 
6.4  Results 
6.4.1  Non-strippable Residue Products Characterization  
14C-NSR accumulated to a sufficiently high level (>0.01 µCi) in the preliminary 
experiment with ENV487 (Fig. S6.1-1) to justify further evaluation.  Similar results were obtained 
in triplicate during the follow-up experiment (Fig. 6-1), consistent with incomplete mineralization 
of 1,4-dioxane during the co-oxidation process.  14C-NSR continued to increase after the 1,4-
dioxane was no longer detectable by GC analysis, suggesting that 1,4-dioxane was taken up at a 
faster rate than it was processed.  The average 14C-NSR at the end of the incubation period was 
26,836 ± 4,462 dpm per bottle.   
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The aqueous phase of the bottles was lyophilized (12.7 d; Fig. S6.1-4) in order to 
concentrate the 14C-NSR, removing ~96% of the water.  That left an average volume of 2.6 ± 0.9 
mL of concentrated NSR.  14C results for the lyophilization step are presented in Table 6-2.  The 
average recovery of 14C after lyophilization was ~66%. 
Percentage recoveries of 14C following fractionation on the PHLC are presented in Table 
6-1.  The highest level of 14C activity corresponded to the formate fraction (68.3%).  Other 
fractions with 5-12% of the 14C included acetate, glycerate, glycolaldehyde, ethylene glycol, and 
glycolate.  Another fraction with significant 14C activity (12.0%) corresponded to an unknown 
compound that was the last to elute.  Possible candidates for this unknown include intermediates 
from the initial attack on the ring structure that would elute more slowly, e.g., 2-
hydroxyethoxyacetic acid or 1,2-dihydroxyethoxyacetic acid. 
6.4.2  Formate Dehydrogenase 
Based on the HPLC co-elution results that formate was the predominant 14C-labeled 
compound in the concentrated NSR, further confirmation of its identity was pursued using a 
formate dehydrogenase assay.  Results are shown in Figure 6-2.  The positive and negative controls 
with and without formate behaved as expected.  The sample with concentrated NSR (26 fold) 
behaved similarly to the 0.02 mM formate standard, providing additional evidence that the HPLC 
fraction corresponding to elution of formate did contain formate.  Moreover, none of the other 
fractions tested showed a significant increase in absorbance when compared against the standards, 
indicating that formate was not present in the other fractions (Figure 6-2). 
6.5  Discussion 
Although the metabolic pathway for biodegradation of 1,4-dioxane has been described in 
detail, the fate of this compound during co-oxidation is less well known.  The involvement of a 
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monooxygenase and aldehyde dehydrogenase in the initial attack on the ring structure has been 
established with microbes that carry out co-oxidation, but what happens beyond that is less well 
known.  Results from Chapter 5 with ENV487 indicate that the largest product formed is 14CO2.  
Unlike CB1190, however, an appreciable amount of the products curing co-oxidation of 1,4-
dioxane by ENV487 include NSR.  Fractionation of concentrated NSR indicate that the 
predominant product is formate.  This is the first report of formate as a significant product from 
co-oxidation of 1,4-dioxane.  Formate has been identified as intermediate in abiotic pathways for 
oxidation of 1,4-dioxane (Barndõk et al., 2016; Maurino et al., 1997; Zeng et al., 2017).  In those 
pathways, formate is derived from ethylene glycol.  
Based on detection of formate and lesser amounts of (presumptively) acetate, glycerate, 
glycolaldehyde, ethylene glycol, and glycolate, a proposed pathway for co-oxidation of 1,4-
dioxane by ENV487 is shown in Figure 6-3.  Consistent with the abiotic oxidation studies, ethylene 
glycol is shown as the likely precursor to formation of formate.  Other presumptive 14C-labeled 
compounds are also shown.  The lack of a significant level of 14C activity associated with glycolate, 
gloxylate, and oxalate suggests these intermediates do not accumulate due to faster kinetics for 
their transformation.   
ENV487 is a mixed culture enriched on propane.  Metabolic pathways for propane include 
methylmalonyl-succinate (Vestal and Perry, 1969) and acetone/methyl acetate (Kotani et al., 
2007), which do not include formate as an intermediate.  Many of the genera known to grow on 
propane (e.g., Rhodococcus) do not use formate as a substrate (Brinkman and Babel, 1997).   This 
may explain why formate accumulates as a dead end product during co-oxidation of 1,4-dioxane 
by ENV487.  Other pathways lead to mineralization, consistent with 14CO2 as the dominant 
product formed by ENV487.  In the environment, many microbes are likely to be present that can 
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oxidize formate.  Consequently, formate would not make a good marker for evidence that co-
oxidation of 1,4-dioxane is occurring, both because it is labile, and it may form from substrates 
other than 1,4-dioxane.  Also, the pathways used by other co-oxidizing microbes needs to be 
evaluated before more general statements can be made concerning the frequency of formate as a 
product.   
6.6  Conclusions 
This is the first study to report formate as a significant soluble product from co-oxidation 
of 1,4-dioxane by a propanotrophic culture.  This was confirmed by co-elution on an HPLC column 
with authentic material and application of a formate dehydrogenase assay.  A pathway for co-
oxidation is proposed, with ethylene glycol being a likely precursor to formate.  Other presumptive 
products identified by co-elution on the HPLC were acetate, glycerate, glycolaldehyde, ethylene 
glycol, and glycolate.  Although identification of formate as a product from propanotrophic co-
oxidation of 1,4-dioxane is of interest, formate is not likely to serve as a useful marker for 
biodegradation in situ, since many microbes biodegrade formate and there are many sources of 
formate in addition to co-oxidation of 1,4-dioxane.  
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6.7  Tables for Chapter 6 
Table 6-1.  Fractions with their respective elution time for known metabolites (at 1 mM) present 
in the metabolic degradation of 1,4-dioxane and some unknown compounds.  Percentages 











(min) 14C Recovery 
1 Oxalate - 2.9% 9.2 11.1 2.15 ± 0.59% 
2 Unknown 1 - - 11.1 13.6 2.30% ± 0.01% 
3 Glyoxylate 36.9% 24.5% 13.6 14.6 1.25% ± 0.46% 
4 Glyoxal 0% 43.0% 14.6 15.7 1.06% ± 0.32% 
5 Glycerate - - 15.7 17.2 9.41% ± 1.10% 
6 Glycolaldehyde - - 17.2 18.4 7.38% ± 0.29% 
7 Glycolate - 38.7% 18.4 19.5 5.84% ± 1.06% 
8 Formate - - 19.5 22.5 62.31% ± 6.30% 
9 Acetate - 100% 22.5 23.4 12.08% ± 3.28% 
10 Ethylene glycol 32.0% 48.6% 23.4 25 5.88% ± 0.58% 




Table 6-2.  Counts quantification for recovery calculation before and after lyophilization of the 
NSR. 




Sample (g) dpm/Bottle 
Liquid 
Sample (g) dpm/Bottle 
Recovery of 
14C 
1 1,840 69.4933 26,477 2.3510 15,543 58.7% 
2 2,029 64.4813 31,466 3.6830 26,242 83.4% 




6.8  Figures for Chapter 6 
 
Figure 6-1.  Biodegradation of 1,4-dioxane and accumulation of 14C-NSR in triplicate bottles 






































































Figure 6-2.  Formate dehydrogenase assay results.  Comparison among fractions that elute close 
to the elution time for formate, the positive controls, and the reagent blank.  Fraction 5, 6, 7, 9 and 
10 represent glycerate, glycolaldehyde, glycolate, acetate and ethylene glycol respectively.  All 
compounds are plotted against the left ordinate axis except for 0.20 mM formate, which is on the 
















































Figure 6-3.  Proposed pathway for co-oxidation of 1,4-dioxane by ENV487.  Red circles indicate 
compounds that were tested for fractionation of the 14C-NSR by HPLC; blue dashed circles 
indicate metabolites with high enough 14C activity to be considered as intermediates.    
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7. LABORATORY EVALUATION OF BIODEGRADATION OF 1,4-DIOXANE UNDER 
ANAEROBIC CONDITIONS 
7.1  Abstract 
A laboratory study was developed to evaluate the potential for anaerobic biodegradation of 
1,4-dioxane by constructing microcosms with soil and groundwater from four former industrial 
sites, referred as Sites 1, 2, 3 and 4.  The sites have been impacted with contaminants such as 
chlorinated solvents.  Filed observations indicate that anaerobic conditions prevail within the 
plume, based on low dissolved oxygen and negative oxidation-reduction potential levels.  One type 
of microcosm was prepared and different electron acceptors, including nitrate, sulfate, Fe(III)-
oxide, Fe(III) chelated with ethylenediaminetetraacetic acid (EDTA) and anthraquinone disulfonic 
acid (AQDS) were used to set up different treatments.  Only one set of microcosms was amended 
with uniformly labeled 14C-1,4-dioxane (Set I).  No consistent or significant biodegradation of 1,4-
dioxane was observed in the anaerobic microcosms over two years of incubation in comparison to 
autoclaved or water controls. 
7.2  Introduction 
In recent years, evidence of microorganisms being able to biodegrade 1,4-dioxane through 
metabolic and cometabolic pathways has been increasing, debunking the idea of 1,4-dioxane being 
a biologically recalcitrant compound.  Biodegradation is considered a reliable in situ alternative to 
other remediation approaches, such as physical and chemical processes that rely solely on strong 
oxidants and high energy demand.  It is known that the most common environmental conditions 
that host 1,4-dioxane plumes are predominantly anaerobic because of low dissolved oxygen levels, 
reducing conditions, and the presence of anaerobic dechlorination products from chlorinated 
solvents.  Moreover, studies reveal 1,4-dioxane plumes tend to be shorter than chlorinated solvents 
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(Adamson et al., 2014, 2015).  This is unexpected, since 1,4-dioxane adsorbs to soil less well than 
chlorinated solvents, leading to the expectation that 1,4-dioxane plumes should be longer than 
those for chlorinated solvents.  Taking into account all these considerations, anaerobic 
biodegradation of 1,4-dioxane becomes an important matter to evaluate. 
A considerate number of studies have reported the aerobic biodegradation of 1,4-dioxane 
(Li et al., 2010; Mahendra and Alvarez-Cohen, 2006; Parales et al., 1994; Sales et al., 2013; Zenker 
et al., 2002).  Nevertheless, there is scarce evidence for anaerobic biodegradation of 1,4-dioxane.  
Ramalingman and Cupples (2020) evaluated multiple inocula and electron acceptor amendments.  
Uncontaminated and contaminated soils and river sediments were used for the construction of 
microcosms.  Methanogenic conditions dominated due to depletion of electron acceptors after 
>400 days.  Evidence was presented to indicate anaerobic biodegradation of 1,4-dioxane, albeit at 
a low rate.  CSIA provided additional evidence for 1,4-dioxane biodegradation.  Microbial 
community analysis through 16S rRNA gene amplicon high-throughput sequencing indicated an 
abundance of known 1,4-dioxane degraders species, primarily dominated by Rhodanobacter. 
Lower relative abundance values were observed for Pseudomonas, Mycobacterium, and 
Acinetobacter.  The overall study suggests that 1,4-dioxane biodegradation under anaerobic 
conditions is plausible (Ramalingam and Cupples, 2020).   
Several other studies have concluded that 1,4-dioxane is degraded anaerobically. Shen et 
al. (2008) reported that biodegradation occurred under iron-reducing conditions with inoculum 
from a wastewater treatment plant.  After 40 days of inoculation, 25% degradation was observed 
in the unamended treatment.  In the treatments amended with Fe(III) oxide and Fe(III) oxide + 
humic acids, a higher degradation percentage was obtained (37% and 62%, respectively).  Fe(III) 
chelated with EDTA showed 62% biodegradation, whereas the Fe(III)-EDTA + humic acids 
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treatment achieved 90% biodegradation.  Fe(II) increased along with the 1,4-dioxane degradation.  
Levels of dissolved Fe(II) for the treatments amended with Fe(III) oxide were lower compared to 
its chelated form, due to its higher bioavailability, extending the degradation process.  For the set 
amended with humic acids, the degradation of 1,4-dioxane was enhanced in the set amended with 
Fe(III)-EDTA; humic acids act as intermediates for the transfer of electrons to Fe(III).  Based on 
measurements of carbon dioxide through bicarbonate and carbonate detection in the aqueous and 
gas phases, it was found that 59% of the 1,4-dioxane was mineralized.  No further investigation 
was performed, no microbial communities were reported, and 14C-1,4-dioxane was not used to 
elucidate the fate of 1,4-dioxane.   
Another study reporting anaerobic degradation of 1,4-dioxane was performed with 
acidogenic bacteria to produce organic acids (mainly acetic acid) during the acidogenesis step of 
anaerobic digestion (Lee et al., 2014).  The process was operated at four different phases with an 
organic loading rate for chemical oxygen demand (COD) of 0.63 – 5.00 g COD·L-1 day for one 
run and 1.25-7.50 g COD·L-1 day for the second run.  Removal efficiencies of 1,4-dioxane ranged 
from 42.8 to 53.2%.  It was considered that a constant proportion of acetic acid was used in the 
degradation of 1,4-dioxane as a co-substrate regardless of the hydraulic retention time (HRT), 
since the removal efficiency was not improved significantly as the HRT increased.  As with the 
study by Shen et al. (2008), no information was provided regarding the microbial community 
responsible for biodegradation of 1,4-dioxane, other than the fact that degradation occurred at the 
acidogenesis step.   
Other studies have concluded that 1,-dioxane is recalcitrant under anaerobic conditions.  
Steffan et al. (2007) evaluated the potential of anaerobic biodegradation of 1,4-dioxane under 
nitrate, iron, sulfate reducing and methanogenic conditions.  Results showed no degradation in all 
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anaerobic treatments during >400 days of incubation, suggesting that natural biological attenuation 
is unlikely to be a significant sink for 1,4-dioxane.  Barajas-Rodriguez (Rodriguez, 2016) prepared 
microcosms with soil and groundwater from a site with an anaerobic plume containing 1,4-
dioxane, acetone, isopropanol, and halogenated solvents.  Treatments included amendments with 
Fe(III) oxide, Fe(III)-ethylene-diaminetetraacetic acid (Fe(III)-EDTA), anthraquinone disulfonate 
(AQDS), sulfate, and oxygen. 14C-1,4-dioxane was added to determine if degradation products 
formed.  Following four years of incubation, biodegradation of many of the halogenated solvents 
was observed, as was iron reduction, sulfate reduction, and methanogenesis.  However, there was 
no significant evidence to support biodegradation of 1,4-dioxane under anaerobic conditions. 
Thus, additional research is needed to determine if anaerobic degradation of 1,4-dioxane is 
possible.  The aim of this study was to evaluate the potential of anaerobic biodegradation of 1,4-
dioxane in microcosms prepared for four industrial sites impacted with 1,4-dioxane and other 
contaminants.  Moreover, 14C-1,4-dioxane was used with the intent of linking the disappearance 
of the contaminant with the appearance of degradation products. 
7.3  Materials and Methods 
7.3.1  Site Observations 
The motivation to evaluate anaerobic biodegradation of 1,4-dioxane as part of this 
dissertation is based on observations made at four industrial sites that suggest the occurrence of 
anaerobic biodegradation of 1,4-dioxane.  Some of these sites are contaminated with several 
halogenated volatile organic compounds (VOCs), and non-halogenated compounds, including 1,4-
dioxane.  1,4-Dioxane was likely released alongside chlorinated solvents such as 1,1,1-
trichloroethane (1,1,1-TCA), with 1,4-dioxane added to reduce the reactivity of 1,1,1-TCA within 
metal storage containers.  1,1,1-TCA underwent abiotic and biological reactions, forming 1,1-
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dichlroethene, 1,1-dichloroethane, and chloroethane.  With soil and groundwater samples from the 
four sites, seven sets of microcosms were constructed to test the potential of 1,4-dioxane 
biodegradation under anaerobic conditions.  Tables S7.1-1, S7.1-2 and S7.1-3 summarize the 
treatments that were evaluated.  Sets I, II and III were prepared with samples from Site 1; Sets IV 
and V were prepared with samples from Site 2; and Sets VI and VII were prepared with samples 
from Sites 3 and 4, respectively.  Concentrations of 1,4-dioxane in the source area ranged from 4 
to 1,33 mg·L-1.   
7.3.2  Microcosms Study 
Site 1 is the same location in Europe that is described in Chapter 2.  Groundwater and soil 
samples from Site 1 were collected near the source zone, mid-gradient, and down-gradient.  For 
the Set I microcosms (Table S7.1-1), microcosms were prepared with a composite from equal 
volumes of each source.  The following treatments were implemented: unamended; Fe(III) 
amended; Fe(III)-EDTA amended; Fe(III)-EDTA amended and bioaugmented (iron-reducing 
consortium); Fe(III)-EDTA + AQDS amended; Fe(III) + AQDS amended; sulfate amended; killed 
controls; and water controls.  The iron-reducing culture was obtained from an enrichment culture 
previously made in the lab and kept under anaerobic conditions. 
For Set II, a separate set of microcosms was prepared with groundwater and soil from Site 
1 for three locations in the plume, i.e., the source zone, mid-gradient, and down-gradient (Table 
S7.1-1).  The same treatments were prepared as for Set I, with the exception of the iron-reducing 
bioaugmentation culture.  Set III was also prepared with samples from each part of the plume and 
the treatments included unamended; Fe(III)-EDTA amended; sulfate amended; nitrate amended; 
aerobic; aerobic + propane; and aerobic + propane + propanotrophic bioaugmentation culture.  The 
aerobic microcosms prepared for Set III are described in Chapter 2. 
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Sets IV and V were prepared with soil and groundwater from two locations at Site 2 (Table 
S7.1-3).  Set IV consisted of an aerobic treatment; killed controls; and water controls.  Set V 
included an aerobic treatment; Fe(III)-EDTA amended; sulfate amended; nitrate amended; 
methanogenic; killed controls; and water controls.  Set VI was prepared with soil from Site 3 and 
MSM was used in place of groundwater; treatments included unamended; Fe(III)-EDTA amended; 
sulfate amended; nitrate amended; and water controls.  The same treatments were used for Set VII, 
which was prepared with soil from Site 4 plus MSM. 
The unamended treatments were designed to simulate the in situ conditions.  The addition 
of ferric iron, chelated ferric iron, AQDS (an analogue of humic acids), sulfate, and nitrate was 
intended to select for specific anaerobic electron accepting conditions; methanogenesis was  
expected to develop in the absence of nitrate, iron, and sulfate.  Aerobic treatments were prepared 
to evaluate the potential of 1,4-dioxane biodegradation at the edges of the plume, where dissolved 
oxygen may be present.  The killed controls were used to determine the extent of 1,4-dioxane loss 
due to abiotic process, whereas water controls indicated the extent of losses by diffusion through 
the septa. 
The microcosms consisted of 160 mL bottles, containing 20 g of soil and 50 mL of 
groundwater for Sets I and II; 20 g of soil and 100 mL of groundwater for Sets IV and V; and 50 
mL of MSM for Sets III, VI, and VII.  Use of MSM was intended to eliminate the possibility of a 
nutrient limitation on biodegradation of 1,4-dioxane.  The bottles were sealed Teflon-faced rubber 
septa and aluminum crimp caps. 
Soil and groundwater samples were shipped on ice via an overnight carrier within 24 hours 
of taking the samples.  Core samples from the sites were cut open and the soil was discharged into 
a sterile plastic container.  Composited samples for Set I were thoroughly mixed with a trowel, 
124 
 
and the soil was transferred into a anaerobic chamber, where the soil underwent additional mixing.  
Groundwater and soil samples were handled aseptically.   
The 1,4-dioxane concentrations were considered to be sufficiently high so that none was 
added to the live microcosms.  Autoclaving destroyed most of the 1,4-dioxane in the killed controls 
so that it was added to achieve an initial concentration similar to the live treatments.  Similar 
amounts were added to the water controls. 
Anaerobic microcosms were prepared in the anaerobic chamber.  About 5% of hydrogen 
was present at the headspace, coming from the chamber atmosphere (the balance was N2).  To 
avoid depletion of electron acceptors by the presence of H2, the microcosms were taken from the 
chamber and sparged with high purity N2 for 1 min.  Anaerobic treatments were stored and sampled 
in the chamber at room temperature (22-24°C), to minimize diffusion of oxygen through the septa. 
The aerobic sets were prepared on the bench top rather than in the anaerobic chamber, so 
the initial percent oxygen in the headspace was the same as room air.  Oxygen was monitored by 
headspace analysis; when the level in the headspace decreased below 5%, pure oxygen was 
injected (~16.0 mL). 
Killed controls were prepared by autoclaving the microcosms for one hour on three 
consecutive days.  After the third autoclaving, glutaraldehyde was added (14 g·L-1) to further 
reduce the potential for biotic activity (Rothermich et al., 2002).  Water controls were prepared 
with autoclaved distilled deionized water.  In addition, glass beads were added, in order to displace 
the same volume of water that is displaced by 20 g of soil (~10 mL). 
Resazurin was added to the groundwater in all microcosms (1 mg·L-1) expect for the water 
controls, for the purpose of monitoring the oxidation state based on changes in the color of the 
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liquid phase.  A pink or blue color indicates the oxidation-reduction potential (Eh) is above -110 
mV; a clear color indicates the Eh is below -110 mV. 
All microcosms from Set I received approximately 0.4 µCi of uniformly labeled 14C-1,4-
dioxane (Moravek Biochemicals) dissolved in acetone.  Addition of 0.4 µCi of 14C-1,4-dioxane 
was accomplished by adding 2 µL of the stock solution, which increased the acetone concentration 
in the groundwater by ~30 mg·L-1.  Unlike the experiments described in Chapter 5, the 14C-1,4-
dioxane was used without purification.   
7.3.3  Chemicals  
The sources and purity of used chemicals were the following: 1,4-dioxane (99%) from 
Sigma Aldrich; acetone (99.5%) from Mallinckrodt; oxygen (99.5%) from National Welders; N2 
(99.99%) from National Welders; anthraquinone-2,6-disulfonic acid (98%) from Pfaltz and Bauer; 
ferric chloride (97%) from Mallinckrodt, iron EDTA disodium salt (13% iron, 67% EDTA) from 
J.T. Baker; and glutaraldehyde (50% w/w) from Fisher Scientific.  All other chemicals used were 
reagent grade or equivalent in purity. 
14C-1,4-Dioxane was custom synthesized by Moravek Biochemicals. It was provided as a 
stock solution in acetone, with a specific activity of 43 mCi mmol-1 and a radiochemical purity of 
at least 97%. 
7.3.4  Analytical Techniques 
1,4-Dioxane was monitored by gas chromatography analysis of filtered (13 mm, 0.2 µm 
PTFE, VWR), as described in Chapter 2. The method used to quantify the VOCs consisted of 
injecting 0.5 mL of headspace sample onto a Hewlett Packard 5890 Series II gas chromatograph, 
equipped with a FID and a Supelco, 12548-U, 1% SP-1000, 60/80 Carbopack B, 8 ft x 1/8 in x 2.1 
mm SS.  The carrier gas was high purity N2 at 30  mL·min
-1.  The temperature program was set at 
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60 ºC for 2 min, increased at 20.0 ºC min-1 to 150 ºC, then increased at 10.0 ºC·min-1 to 200 , then 
isothermal for 8 min, for a total time of 19.5 min. The injector and detector temperatures were set 
at 200 ºC.  Oxygen was monitored as described in Chapter 2. 
Fractionation of the labeled 14C-1,4-dioxane was performed by using a High Performance 
Liquid Chromatography (HPLC).  Three fractions were collected: one before 1,4-dioxane elutes 
(6.5 – 22.4 min, totaling 9.54 mL) designated as “other soluble 1” fraction; a fraction 
corresponding to 1,4-dioxane (22.4 – 26 min, totaling 2.16 mL); a final fraction, also designated 
as “other soluble 2” fraction (26 – 30 min, totaling 2.4 mL).  An aliquot (2.4 mL) of “other soluble 
1” and the entire amont from “other soluble 2” were added to liquid scintillation cocktail and 
counted for 14C activity.  The collection times were adjusted for the lag time from the Refractive 
Index (RI) detector to the point where the mobile phase discharged from tubing connected to the 
RI (0.66 min). 
The percentage of 1,4-dioxane recovered from the HPLC analysis at the sampling time (t) 




∗ 100          (7 − 1) 
where C1,4-dioxane,t is the amount of 
14C activity in the HPLC fraction corresponding to 1,4-dioxane 
at time “t” and Cdirect count is the direct count for 
14C injected onto the HPLC. 
The percentage of the “other soluble 1 and 2 “ was calculated with the following equation: 
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑓𝑜𝑟 𝑜𝑡ℎ𝑒𝑟 𝑠𝑜𝑙𝑢𝑏𝑙𝑒𝑠 =
𝐶𝑥,𝑡
𝐶𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑜𝑢𝑛𝑡
∗ 100          (7 − 2) 
where Cx,t is the amount of the 
14C activity in the HPLC fraction for the compound “x” at time “t”. 
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The overall recovery was evaluated based on the total 14C in all the fractions that were 
collected divided by a direct count of the total 14C activity in an equivalent liquid sample injected 
onto the HPLC. 
Dissolved Fe(II) within the aqueous phase was quantified by the ferrozine assay as 
described by Stookey (1970).  Samples were removed (0.05 mL) by using a 1 mL syringe that was 
previously flushed with N2.  The sample was filtered (0.2 μm) before being added to an HCl 
solution.  An aliquot (0.05 mL) from the HCl plus sample mix was added to the ferrozin reagent.  
Samples were immediately measured for absorbance at 562 nm using a UV-VIS 
spectrophotometer.  Standards prepared with chemically reduced iron were used for calibration. 
Sulfate and nitrate were quantified by injecting a liquid sample (0.5 mL) onto an ion 
chromatograph (IC DX600, Dionex) equipped with an IonPac AG9-HC analytical column and a 
IonPac AS9-HC guard column (Thermo) and a ASRS_4mm suppressor at a current of 48 mA.  A 
solution of 9 mM CO3
-2 was used as the mobile phase at a flow rate of 1 mL·min-1. 
7.4  Results 
7.4.1  Set I 
Set I was prepared with a composite of soil and groundwater from Site 1, where a high 
concentration of 1,4-dioxane exists in a source zone and decreases along the axis of the plume.  
According to GC analysis of the microcosms, 1,4-dioxane concentration remained mostly 
unchanged throughout the whole incubation period of 465 days.  In spite of fluctuations and an 
apparent decrease in 1,4-dioxane in  the treatments amended with Fe(III)-EDTA (average of 159.6 
± 2.3 1,4-dioxane, and 157 mg·L-1 as the lowest level in the last day), the trends are not statistically 
significant (Figure 7-1).  Statistical significance is based on linear regression. 
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Sulfate reducing conditions were accomplished for the sulfate-amended treatment and for 
sulfate present in the unamended treatment (Figure S7.2-1).  Iron reducing conditions were 
confirmed based on accumulation of Fe(II) in bottles amended with Fe(III)-EDTA (Figure S7.2-
2).  Bottles amended with AQDS promoted a higher reduction level of Fe(III), when compared to 
the Fe(III) amended only (Figure S7.2-3).  
Table 7-1 shows the ratios obtained at the last measurement of 1,4-dioxane over the 
expected initial value.  Overall, the net decrease in three of the anaerobic treatments suggest  
biodegradation may have occurred.  However, analysis of the 14C activity associated with the 1,4-
dioxane interval on the HPLC was considered to be a more accurate approach to determine if 1,4-
dioxane was being anaerobically biodegraded.  If degradation occurred, it should have resulted in 
a decrease in 14C activity associated with the 1,4-dioxane interval.   
Liquid samples from microcosms were evaluated for the distribution of 14C on days 195 
and 2451.  The percentages shown in Table 7-2 are based on the 14C activity in the HPLC fraction 
for 1,4-dioxane, compared to the total 14C added at the sampling event.  On these sampling events, 
most of the treatments on day 195 had a lower fractionation count for the 14C-1,4-dioxane (i.e., < 
90%).  However, on day 2451, these fraction counts increased (i.e., > 90%).  A statistical analysis 
for the count differences between measurements on both days for the 1,4-dioxane fraction revealed 
there is no statically significant difference with respect to the autoclaved and water controls (Table 
7-2).  The percent recovery of 14C ranged was from 86 to 100% in the fraction representing 1,4-
dioxane.  The efficiency of the HPLC fractionation procedure was verified by comparing the 14C 
activity for each fraction to the total activity injected onto the HPLC.  These recoveries were above 
95%, indicating that the HPLC column retained only a small percentage of the 14C in the samples. 
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Biodegradation of the few chlorinated solvents that were present was observed.  After day 
67, none of the chlorinated VOCs were above the detection limit in comparison to the autoclaved 
controls.  However, disappearance of the parent compounds was not accounted for in accumulation 
of daughter products (e.g., 1,1-DCE, 1,1-DCA, chloroethane, and ethane).  Since the levels of 
ethene and dichloromethane were consistent in the autoclaved controls, the loss of these 
compounds in the experimental bottles could not be attributed to abiotic processes, except for PCE, 
which was gone by the last sampling event (data not shown).  The color of the liquid in each bottle 
except for the bottles amended with Fe(III)-EDTA and AQDS (which remained brownish color 
because of the iron) remained clear.  This this indicates that the Eh was below -110 mV. 
7.4.2  Set II 
1,4-Dioxane concentrations in microcosms from three locations in the plume (up, mid and 
down-gradient) remained unchanged throughout the whole incubation period of 238 days.  In spite 
of some fluctuations, no significant trends were found (Figure 7-2). 
Sulfate reducing conditions were accomplished for the treatment with sulfate (Figure S7.3-
1).  Iron reducing conditions were confirmed in all bottles amended with Fe(III)-EDTA, and bottles 
amended with AQDS did not promoted a higher reduction level of Fe(III), when compared against 
the Fe(III) amended only (Figures S7.3-2, S7.3-3 and S7.3-4).  
Biodegradation was seen for 1,1-DCA, which was the only chlorinated solvent detected at 
the down-gradient section. After day 52, none of it was above the detection limit.  However, no 
other products were seen (e.g., 1,1-DCE, 1,1-DCA, chloroethane, and ethane).  The color of the 
liquid in each microcosm, except for the ones amended with Fe(III)-EDTA and AQDS (which 
remained with a brownish color because of the iron), remained clear.  This indicates that the Eh 
was below -110 mV. 
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7.4.3  Set III 
1,4-Dioxane concentrations in the microcosms from the three locations in the plume (up, 
mid and down-gradient) remained unchanged throughout the incubation period of 826 days.  In 
spite of some fluctuations, no significant trends were found for any of the treatments (Figures 7-3, 
7-4, 7-5). 
Sulfate reducing conditions were accomplished for the treatment with sulfate in the down-
gradient set (Figures S7.4-3).  Such conditions were not found in the up and mid-gradient sets 
(Figures S7.4-1, S7.4-2).  Nitrate reducing conditions were not seen in any of the sets, until lactate 
was added (Figures S7.4-4, S7.4-5 and S7.4-6).  Iron reducing conditions were confirmed, at 
varying levels, in the iron-amended bottles (Figures S7.4-7, S7.4-8 and S7.4-9). 
The addition of electron donors (lactate and acetate) triggered the reduction of electron 
acceptors present at the site.  The color of the liquid in each bottle, except for the bottles amended 
with Fe(III)-EDTA and AQDS, remained clear.  This indicates the Eh was below the -110 mV. 
7.4.4  Sets IV and V  
Results from Set IV correspond to an aerobic set of bottles, which did not show any activity 
for 1,4-dioxane (data not shown).  1,4-Dioxane concentrations in the bottles from Set V remained 
unchanged throughout the incubation period of 157 days.  No significant trends were found for 
any of the treatments (Figure 7-6). 
Properties of the samples from sites IV and V are presented in Table S7.1-4.  To avoid 
possible inhibition by VOCs, the groundwater was purged with N2 to remove VOCs (Figures S7.5-
4 and S7.5-5).  The addition of electron donors (as lactate) before time zero triggered the reduction 
of undesired electron acceptors present naturally at the site (e.g., 77.3 mg·L-1 of NO3
-, and 192 
mg·L-1 of SO4
-2) (Table S7.1-5).  The color of the liquid in each bottle, except for the bottles 
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amended with nitrate (which remained pink), remained clear.  This indicates that the Eh was below 
the -110 mV, however, a significant decrease of nitrate, iron and sulfate were not seen (Figures 
S7.5-1, S7.5-2 and E S7.5-3). 
7.4.5  Sets VI and Set VII 
1,4-Dioxane concentrations in the bottles remained unchanged throughout the incubation 
period of 820 days.  In spite of some fluctuations, no significant trends were found for any of the 
treatments (Figures 7-7, 7-8).  For Set VI, iron, sulfate and nitrate reducing conditions were 
accomplished (Figures S7.6-1, S7.6-2 and S7.6-3).  This was also true for bottles in Set VII 
(Figures S7.7-1, S7.7-2and S7.7-3). 
The addition of electron donors (lactate and acetate) enhanced the reduction of electron 
acceptors present at the site.  The color of the liquid in each bottle except for the bottles amended 
with Fe(III)-EDTA and AQDS remained clear.  This indicates that the Eh was below the -110 mV. 
7.5  Discussion 
The addition of AQDS as an electron shuttle did not enhance 1,4-dioxane biodegradation, 
not even for the bottles that showed reduction of ferric iron.  This differs for the result of Shen et 
al. (2008), who reported that anaerobic degradation of 1,4-dioxane was improved under anaerobic 
conditions by adding humic acids. 
Even though there was an apparent decrease in 1,4-dioxane in some of the microcosms 
based on the GC measurements, and reducing conditions were established, there was no 
statistically significant decrease in 14C-1,4-dioxane during the long period of incubation (>800 
days).  These findings support what Steffan et al. (2007) found in their study.  Even doubling the 
incubation period did not trigger anaerobic degradation of 1,4-dioxane.  The 14C measurements 
gave no indication for the conversion of 14C material. 
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Currently it is not clear what may be occurring at contaminating sites where the conditions 
are highly suggestive that anaerobic attenuation of 1,4-dioxane is occurring.  Even though 
anaerobic conditions are prevalent at these sites, it is plausible that the aerobic conditions at the 
fringes of the plume support either aerobic metabolic or cometabolic biodegradation of 1,4-
dioxane. 
7.6  Conclusions 
Anaerobic biodegradation of 1,4-dioxane was evaluated for seven sets of microcosms 
prepared with groundwater or MSM and soil from four contaminated sites.  The longest incubation 
time was 2451 days from Set I.   
Reducing conditions were established and confirmed for each treatment amended with their 
respective electron acceptor, however, biodegradation of 1,4-dioxane did not occur under these 
conditions.  The modest decrease in 1,4-dioxane measured by GC was not confirmed by 14C 
measurements. 
There is no compelling evidence from the microcosms constructed after nearly seven years 
of monitoring.  These results are in contrast to some compelling field evidence for the occurrence 
of anaerobic biodegradation of 1,4-dioxane.  Perhaps at these sites host there is an unknown 
anaerobic process that is occurring.  Alternatively, aerobic biodegradation at the fringe of the 
plume may be responsible for attenuation of 1,4-dioxane while other aerobically more recalcitrant 
compounds (e.g., some chlorinated solvents) pass through the anaerobic/aerobic interface. 
7.7  Tables for Chapter 7 
Table 7-1.  Ratios for last data point of 1,4-dioxane level over expected concentration at time zero 
at Site I.  The expected 1,4-dioxane concentration at the site is about 205 mg L-1 (78 mg·L-1 from 
groundwater and 127 mg·L-1 from soil).  Numbers in bold are ratios below the 90% threshold.  






Measured on last day C/C0 
Unamended 221.5 ± 6.62 1.08 ± 0.03 
Fe(III) Amended 202.3 ± 12.81 0.99 ± 0.06 
Fe(III)-EDTA Amended 160.5 ± 10.50  0.78 ± 0.05 
Fe(III)-EDTA Amended + Bioaugmented 157.0 ± 9.44 0.76 ± 0.05 
Fe(III)-EDTA + AQDS Amended 161.3 ± 4.62 0.79 ± 0.02 
Fe(III) + AQDS Amended 207.0 ± 18.77 1.01 ± 0.09 
Sulfate Amended 211.4 ± 4.53 1.03 ± 0.02 
Killed Control 278.2 ± 14.16 1.35 ± 0.07 




Table 7-2.  Ratios for counts for 1,4-dioxane fraction (retention time of 22.4 to 26 min) over the 
counts for days 195 and 2,451 on Site I.  Statistic analysis for treatments and controls (water (WC) 






    
   
 
  RT (22.4 - 26.0 min)       t test value 
 





Unamended 1 89.00% 97.56% 8.56%         
Unamended 2 82.50% 98.75% 16.25% 11.60% 4.09% -1.01 -0.26 
Unamended 3 85.10% 95.10% 10.00%         
Fe(III) 1 83.80% 95.40% 11.60% 
 
      
Fe(III) 2 84.80% 98.61% 13.81% 13.23% 1.43% -1.16 -0.39 
Fe(III) 3 84.40% 98.67% 14.27%         
Fe(III) + EDTA 1 96.10% 95.79% -0.31%         
Fe(III) + EDTA 2 82.40% 99.42% 17.02% 8.78% 8.70% -0.71 -0.03 
Fe(III) + EDTA 3 89.80% 99.44% 9.64%         
Fe(III) + EDTA + BA 1 92.90% 101.80% 8.90%         
Fe(III) + EDTA + BA 2 90.30% 102.50% 12.20% 7.25% 5.95% -0.94 -0.17 
Fe(III) + EDTA + BA 3 91.90% 92.55% 0.65%         
Fe(III) + EDTA + AQDS 1 77.70% 92.44% 14.74%         
Fe(III) + EDTA + AQDS 2 79.30% 98.68% 19.38% 17.48% 2.43% -0.99 -0.32 
Fe(III) + EDTA + AQDS 3 77.30% 95.63% 18.33%         
Fe(III) + AQDS 1 75.10% 116.87% 41.77%         
Fe(III) + AQDS 2 80.30% 101.61% 21.31% 24.37% 16.09% -0.10 0.29 
Fe(III) + AQDS 3 85.00% 95.03% 10.03%         
Sulfate 1 82.60% 100.23% 17.63%         
Sulfate 2 77.40% 94.60% 17.20% 15.66% 3.04% -0.99 -0.30 
 
Sulfate 3 81.70% 93.85% 12.15%         
 Autoclaved 1 52.80% 85.55% 32.75%         
 Autoclaved 2 52.50% 94.36% 41.86% 32.65% 9.27% -0.39 - 
 
Autoclaved 3 75.00% 98.33% 23.33%         
 Water Control 1 86.00% 107.08% 21.08%         
 Water Control 2 95.50% 98.22% 2.72% 20.80% 17.93% - 0.39 
 




7.8  Figures for Chapter 7 
 
Figure 7-1.  Results for anaerobic experiment Set I Each data point is the averages for triplicate 
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Figure 7-2.  Results for anaerobic experiment Set II Each data point is the averages for triplicate 



































































Figure 7-3.  Results for anaerobic experiment Set III, upgradient. Each data point is the averages 

































Figure 7-4.  Results for anaerobic experiment Set III, midgradient. Each data point is the averages 


































Figure 7-5.  Results for anaerobic experiment Set III, down-gradient. Each data point is the 



































Figure 7-6.  Results for anaerobic experiment Set V. Each data point is the averages for triplicate 



























Figure 7-7.  Results for anaerobic experiment Set VI. Each data point is the averages for triplicate 





































Figure 7-8.  Results for anaerobic experiment Set VII. Each data point is the averages for triplicate 




































8. CONCLUSIONS AND RECOMMENDATIONS 
 
This study evaluated the potential for the in situ biodegradation of 1,4-dioxane under 
aerobic and anaerobic conditions.  The results are pertinent to natural and enhanced attenuation.  
The specific conclusions obtained are:  
1. Aerobic biodegradation of 1,4-dioxane was demonstrated in up-, mid- and down-gradient 
microcosms with soil and groundwater from a site in Europe.  The up-gradient location has 
1,4-dioxane concentrations of ~1,500 mg·L-1, among the highest reported for an aquifer.  
Biodegradation required amendment with propane.  Although indigenous propanotrophs 
were able to co-oxidize 1,4-dioxane, higher rates were achieved following 
bioaugmentation with the mixed propanotrophic culture ENV487.  Nutrient addition was 
essential for stimulating biodegradation activity.  First order rate coefficients were similar 
to ones reported for a field study of propane biosparging.  Transformation yields were 
lower than values obtained under ideal conditions (i.e., medium instead of groundwater 
and soil), but were notably higher than the transformation yields for chlorinated ethenes 
and ethanes.  Evidence for the presence of microbes capable of degrading 1,4-dioxane as a 
major source of carbon and energy was obtained with the mid-gradient microcosms.   
2. Using microcosms prepared with soil and groundwater from two contaminated sites, 
enrichment cultures were developed that aerobically consumed 1,4-dioxane as a sole 
source of carbon and energy.  Isolates were obtained from both enrichments; both are 
strains of Pseudonocardia dioxanivorans. This is the second reported pure culture of a 
Pseudonocardia spp. capable of metabolizing 1,4-dioxane that comes from a contaminated 
aquifer.  Molecular tools confirmed that the two isolates are the same strain (designated 
BERK-1), and they are different from strain CB1190.  The kinetics for growth of BERK-1 
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on 1,4-dioxane are similar to those of CB1190.  Minimal morphological differences were 
observed between P. dioxanivorans strains CB1190 and  BERK-1 according to cell surface 
analysis by SEM. 
3. Curing of plasmids from strains CB190 and BERK-1 that carry essential genes for initiating 
aerobic biodegradation of 1,4-dioxane was only possible following growth in a rich 
medium (LB).  Curing did not occur following growth on lactate and EVO.  This indicates 
that excess electron donor used to anaerobically remediate chlorinated solvent plumes will 
not trigger the loss of essential genes for aerobic biodegradation of 1,4-dioxane. 
4. BERK-1 was able to move at a slightly higher rate than CB1190 through sand and silt 
without the aid of recirculation.  This is consistent with a lower level of clumping and 
adherence to surfaces for BERK-1 following growth in medium.  However, further tests 
with continuous flow columns should be implemented to corroborate these results. 
5. The whole genome for BERK-1 was successfully assembled and provided enough 
differences to discern it from the well-known 1,4-dioxane degrader P. dioxanivorans 
CB1190.  The draft genome sequence and annotation have been deposited in the 
DDBJ/ENA/GenBank database under the accession no. PJPW00000000.  The version 
described in this dissertation is PJPW02000000.   
6. A 14C assay was developed that enables quantification of first order biodegradation rate 
coefficients in groundwater microcosms.  A method was verified for purification of 14C-
1,4-dioxane by passage through an HPLC column.  The 14C assay was validated with 
metabolic and cometabolic cultures (i.e., CB1190 and ENV487, respectively).  Detection 
limits for rate coefficients were on the same order of magnitude, with half-lives of 43 and 
33 years for CB1190 and ENV487, respectively.  
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7. Further validation of the 14C assay included the ability to block biodegradation by addition 
of acetylene to microcosms, or incubation in the absence of oxygen.  These treatments 
verify the involvement of monooxygenases in aerobic biodegradation of 1,4-dioxane.  This 
suggests it may be possible to correlate monooxygenase genes quantified in groundwater 
to first order rate coefficients, as has been done with aerobic co-oxidation of TCE.    
8. Of the 49 groundwater samples evaluated, statistically significant rate coefficients were 
determined using the 14C assay for 15; no significant rate of degradation was observed in 
34 of the samples.  The median rate coefficient observed using the 14C assay was 0.0061 
yr-1 (half life = 114 yr); the maximum rate coefficient was 0.096 yr-1 (half-life = 7.2 yr).  
These results indicate that for most of the wells examined, biodegradation of 1,4-dioxane 
is occurring at a relatively slow rate or not at all.  There appears to be good correlation 
between results from the 14C assay and other lines of evidence for the occurrence of 
biodegradation being gathered as part of an ESTCP project.   
9. Nutrients may be a limiting factor in the 14C assay.  Adding nutrients had a significant 
impact on metabolic and cometabolic cultures.  Nutrient limitation must therefore be 
considered when interpreting rate coefficients from the 14C assay based only on 
groundwater, i.e., in the absence of soil.  For this reason, the assay may be most useful as 
a screening tool to help decide if it would worthwhile to resample a site and collect both 
soil and groundwater.  Collecting soil cores is considerably more costly but may allow for 
determination of more accurate rate coefficients.   
10. This is the first study to report formate as a significant soluble product from co-oxidation 
of 1,4-dioxane by a propanotrophic culture.  This was confirmed by co-elution on an HPLC 
column with authentic material and application of a formate dehydrogenase assay.  A 
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pathway for co-oxidation is proposed, with ethylene glycol being a likely precursor to 
formate.  Other presumptive products identified by co-elution on the HPLC were acetate, 
glycerate, glycolaldehyde, ethylene glycol, and glycolate.  Although identification of 
formate as a product from propanotrophic co-oxidation of 1,4-dioxane is of interest, 
formate is not likely to serve as a useful marker for biodegradation in situ, since many 
microbes biodegrade formate and there are many sources of formate in addition to co-
oxidation of 1,4-dioxane. 
11.  Anaerobic biodegradation of 1,4-dioxane was evaluated for seven sets of microcosms 
prepared with groundwater or MSM and soil from four contaminated sites.  Reducing 
conditions were established with a variety of anaerobic electron acceptors.  There was no 
compelling evidence for anaerobic biodegradation, even in microcosms that were 
incubated as long as seven years and with the benefit of using 14C-1,4-dioxane to facilitate 
detection of degradation products.  These results are in contrast to compelling field 
evidence for the occurrence of anaerobic biodegradation of 1,4-dioxane.   
 
The following recommendations are offered to further investigate biodegradation of 1,4-
dioxane: 
1. For the 14C assay, a new set of experimental bottles with sediment and groundwater would 
verify the hypothesis that the lack of nutrients is one of the most significant factors that 
impact the detection of low degradation rates.  Preparation of microcosms with soil and 
groundwater from sites that had low but statistically significant rates of degradation for 
groundwater alone could answer this question. 
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2. For the transport of microbes through porous media, experiments should be performed with 
continuous flow columns to evaluate the potential for bioaugmentation with 1,4-dioxane 
degrading cultures.  Based on these results a model could be developed to simulate and 
predict the transport of 1,4-dioxane degraders.  The model should incorporate parameters 
such as dispersion, sorption, and rates of attachment and detachment, and be implemented 
using known motile and non-motile types of bacteria. 
3. For characterization of the 14C-NSR products, additional tests such as enzymatic assays 
should be applied for the products identified other than formate, to further confirm their 
participation in the cometabolic pathway of 1,4-dioxane.  Moreover, compounds not 
evaluated in this study (e.g., 2-hydroxyethoxyacetic acid) should be evaluated to further 
identify the unknown fractions with significant activity. 
4. More investigation is needed to determine anaerobic biodegradation of 1,4-dioxane in the 
environment. The most predominant conditions at contaminated sites with 1,4-dioxane, 
such as reduced conditions and low concentrations of oxygen, serves as an important 
consideration to test anaerobic biodegradation of 1,4-dioxane.  It would be suggested to 
test with different amounts of the amendments, along with the addition of different types 




Supplementary Material for Chapter 2 
2.1 1,4-Dioxane Degradation Rate Determination 
 
Figure S2.1-1.  1,4-Dioxane degradation rate determination.  Natural logarithm of the 1,4-dioxane 
levels for bottles with propane added and no culture added for up-gradient set, rates were estimated 
with data after the addition of BSM into the bottles. 
 
 


























































































































































Figure S2.1-2.  1,4-Dioxane degradation rate determination.  Natural logarithm of the 1,4-dioxane 
levels for bottles with propane added and culture added for up-gradient set, rates were estimated 




Figure S2.1-3.  1,4-Dioxane degradation rate determination.  Natural logarithm of the 1,4-dioxane 
levels for bottles with propane added and no culture added for mid-gradient set, rates were 
estimated with data after the addition of BSM into the bottles.   
 
Figure S2.1-4.  1,4-Dioxane degradation rate determination.  Natural logarithm of the 1,4-dioxane 
levels for bottles with propane added and culture added for mid-gradient set, rates were estimated 
with data after the addition of BSM into the bottles.  

























































































































































Figure S2.1-5.  1,4-Dioxane degradation rate determination.  Natural logarithm of the 1,4-dioxane 
levels for bottles with propane added and no culture added for down-gradient set, rates were 
estimated with data after the addition of BSM into the bottles. 
 
 
Figure S2.1-6.  1,4-Dioxane degradation rate determination.  Natural logarithm of the 1,4-dioxane 
levels for bottles with propane added and culture added for down-gradient set, rates were estimated 
with data after the addition of BSM into the bottles.  

































































































































































2.2 Transformation Yield Determination for Individual Bottles 
Accumulated amount for 1,4-dioxane and propane consumed over time. 
 
Figure S2.2-1.  Transformation yield slope determination for up-gradient set, bottles amended 
with propane and no culture added.  
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Figure S2.2-2.  Transformation yield slope determination for up-gradient set, bottles amended 
with propane and culture added.  
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Figure S2.2-3.  Transformation yield slope determination for mid-gradient set, bottles amended 
with propane and no culture added.  
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Figure S2.2-4.  Transformation yield slope determination for mid-gradient set, bottles amended 
with propane and culture added.  
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Figure S2.2-5.  Transformation yield slope determination for down-gradient set, bottles amended 
with propane and no culture added.  
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Bottles amended with propane and inoculated with the propanotrophic culture ENV487 for 
the down-gradient set were fed with an excess of the primary substrate (propane).  It was suggested 
that propane-monooxygenase would keep sustaining 1,4-dioxane biodegradation without the 
presence of propane.  1,4-Dioxane cometabolism was still sustained for 381 days after the last 
addition of propane was completely consumed.   
 
Figure S2.2-6.  Transformation yield slope determination for down-gradient set, bottles amended 
with propane and culture added.  Vertical data set at the end is the representation of propane being 































































































































































































































Figure S2.3-2.  Propane and oxygen measurements for up-gradient set, bottles amended with 















































































































































































































Figure S2.3-4.  1,4-Dioxane, propane and oxygen cumulative consumption for up-gradient set, 










































































































































































Figure S2.3-5.  Propane and oxygen measurements for up-gradient set, bottles amended with 


























































































































Figure S2.3-6.  1,4-Dioxane measurements for up-gradient set, bottles amended with propane and 













































































Figure S2.3-7.  1,4-Dioxane, propane and oxygen cumulative consumption for up-gradient set, 













































































































































































2.4 Individual Measurements for Mid-gradient Set for 1,4-Dioxane, Oxygen and Propane 
 























































































































Figure S2.4-2.  Propane and oxygen measurements for mid-gradient set, bottles amended with 









































































































































































































Figure S2.4-4.  1,4-Dioxane, propane and oxygen cumulative consumption for mid-gradient set, 












































































































































































Figure S2.4-5.  Propane and oxygen measurements for mid-gradient set, bottles amended with 


























































































































Figure S2.4-6.  1,4-Dioxane measurements for mid-gradient set, bottles amended with propane 















































































Figure S2.4-7.  1,4-Dioxane, propane and oxygen cumulative consumption for mid-gradient set, 












































































































































































2.5 Individual Measurements for Down-gradient Set for 1,4-Dioxane, Oxygen and Propane 
 





























































































































Figure S2.5-2.  Propane and oxygen measurements for down-gradient set, bottles amended with 




































































































































































































Figure S2.5-4.  1,4-Dioxane, propane and oxygen cumulative consumption for down-gradient set, 




































































































































































Figure S2.5-5.  Propane and oxygen measurements for down-gradient set, bottles amended with 











































































































Figure S2.5-6.  1,4-Dioxane measurements for down-gradient set, bottles amended with propane 











































































Figure S2.5-7.  1,4-Dioxane, propane and oxygen cumulative consumption for down-gradient set, 


















































































































































































Supplementary Material for Chapter 3 
3.1 Experiment Specifications 
Table S3.1-1.  List of 1,4-dioxane-degraders reported in literature. 
Bacterial Strain Inoculum source Reference 
Rhodococcus ruber 219 
Forest soil or sludge from the settling basin of the 
aerobic WWTP 
(Bernhardt and Diekmann, 
1991) 
Xanthobacter flavus DT8 Activated sludge of pharmaceutical plants (Chen et al., 2016) 
Acinetobacter baumanii 
DD1 
Mixture of activated sludge obtained from urban 
sewage treatment plant 
(Huang et al., 2014) 
Pseudonocardia 
benzenivorans B5 
Enrichment culture using soil contaminated with 
various chlorinated, aromatic compounds 




River sediment contaminated with 1,4-dioxane 




Seawater sample (not 1,4-dioxane contaminated 
site) 
(Matsui et al., 2016) 
Cordyceps sinensis BSM medium using garden soil (Nakamiya et al., 2005) 
Phylum TM7 Forest soil and activated sludge (Nam et al., 2016) 
Pseudonocardia 
dioxanivorans CB1190 
Industrial sludge (1,4-dioxane contaminated 
sludge) 
(Parales et al., 1994) 
Rhodanobacter AYS5 Industrial sludge (Pugazhendi et al., 2015) 
Afipia sp. D1 
Enrichment culture BMM using soil of drainage 
area of a chemical factory 
(Sei et al., 2013b) 
Mycobacterium sp. D6 
Enrichment culture BMM using soil of drainage 
area of a chemical factory 
(Sei et al., 2013b) 
Mycobacterium sp. D11 
Enrichment culture BMM using soil of drainage 
area of a chemical factory 
(Sei et al., 2013b) 
Pseudonocardia sp. D17 
Enrichment culture BMM using soil of drainage 
area of a chemical factory 
(Sei et al., 2013b) 
Two consortia 
(Mycobacterium) 
Uncontaminated garden soils (He et al., 2017a) 
Pseudonocardia sp. N23 
Isolated from an enrichment culture of 
contaminated groundwater. 




Isolated from an enrichment culture of 
contaminated groundwater. 
(Ramos-Garcia et al., 2018) 
Rhodococcus 
aetherivorans JCM 14343 
Enrichments of a petrochemical bio-treater sludge 
from a chemical effluent treatment plant 
(Goodfellow et al., 2004; 
Inoue et al., 2016) 
Pseudonocardia sp. TS06 Industrial wastewater (Tusher et al., 2020) 




Table S3.1-2.  List of microbes capable on cometabolizing 1,4-dioxane reported in literature. 
Bacterial Strain Cosubstrate Inoculum source Reference 
Pseudonocardia acaciae 
JCM 16707 THF 
Surface-sterilized roots of Acacia 
auriculiformis A. Cunn. Ex Benth 
(Duangmal et al., 




10410 THF Tree-bark compost from biofilters 
(Inoue et al., 2016; 
Reichert et al., 1998) 




THF WWTP sludge 




THF/Propane Industrial wastewater treatment system 
(Vainberg et al., 
2006) 
Rhodococcus ruberT1 THF Landfill soil (Sei et al., 2013a) 
Rhodococcus ruberT5 THF WWTP Sludge (Sei et al., 2013a) 
Mycobacterium sp. JOB5 Propane 
Enrichment culture using soil samples 
with hydrocarbons 





Enrichment culture using 






Enrichment culture using 
uncontaminated turf soil samples 
enriched with propane 




Algal-bacterial mat from Colorado 
River in Austin 
(Whited and Gibson, 
1991) 




Ralstonia pickettii PKO1 Toluene 
Enrichment culture using soil 
microcosms amended with BTEX 
(Kukor and Olsen, 
1990) 




Mud, river and stream water and soil 
samples 
(Whittenbury et al., 
1970) 




Table S3.1-3.  Primers selection for amplification of the 16S rRNA. 
Target 
gene 













et al., 2015) 806R GGACTACNVGGGTWTCTAAT 
 
Table S3.1-4.  Sortase gene sequences pulled from whole genome sequences from CB1190, 
































Table S3.1-5.  Nomenclature for kinetic parameters. 
β 
Factor to convert dissolved growth substrate to total mass of growth substrate (mg COD 
per bottle·mg COD dissolved-1) 
b Biomass decay coefficient (d-1) 
C Non-growth substrate concentration (mg COD L-1) 
H’ Henry’s Law constant ([gas concentration in M] [aqueous concentration in M-1]) 
KiC Co-inhibition coefficient from growth substrate (mg COD L-1) 
KS Half saturation coefficient for growth substrate (mg COD L-1) 
KSO Half saturation coefficient for oxygen for growth substrate (mg COD L-1) 
O Oxygen concentration (mg COD L-1) 
OSMIN Minimum threshold oxygen concentration for growth substrate (mg COD L-1) 
qSMAX Maximum specific growth substrate utilization rate (d-1) 
qSOMAX Maximum specific oxygen utilization rate for growth substrate (d-1) 
S Growth substrate concentration (mg COD L-1) 
Vl Volume of liquid in a bottle (L) 
Vg Volume of gas in a bottle (L) 
X Biomass concentration (mg COD L-1) 




Table S3.1-6.  Experimental conditions for determining kinetic parameters of BERK-1A. 
        
Initial Concentration 
(mg COD·L-1)   
Parameter Equation Simplifications 
Required 
Inputs Biomass 1,4-Dioxane Replicates 
Y - - - 17 364 3 
b - - - 545 0 3 
µMAX 3-5 - Y 13 728 3 
qMAX 3-6 - µMAX, Y - - - 
KS 3-1, 3 
O>>OSMIN, 
O>>KSO, C = 0 Y, b, qMAX 13 728 3 
OSIM - - - 43 910 3 
qSOMAX - - - 43 910 3 
KSO 3-1, 2, 3 C = 0 
b, Y, µMAX, KS, 




Table S3.1-7.  Bench-scale column test set up plan.  N/A stands for no applicable. 
Inoculum Flask # Column Installed? Recirculation? 
CB1190 
1 Yes Yes 
2 Yes Yes 
3 Yes No 
4 Yes No 
5 No N/A 
6 No N/A 
BERK-1A 
7 Yes Yes 
8 Yes Yes 
9 Yes No 
10 Yes No 
11 No N/A 
12 No N/A 
None, Sterile 
Media 
13 Yes Yes 
14 Yes Yes 
15 Yes No 




3.2  16S rRNA and Whole Genome Sequence Analysis.   
Table S3.2-1.  List of species used for the phylogenetic tree construction. 
# Specie/GenBank Designation Locus 
1 Pseudonocardia dioxanivorans 16S ribosomal RNA gene, partial sequence AY340622 
2 P.sulfidoxydans 16S rRNA gene Y08537 
3 Pseudonocardia hydrocarbonoxydans 16S rRNA gene, strain IMSNU 22140T AJ252826 
4 Pseudonocardia halophobica 16S rRNA gene, strain IMSNU 21327T AJ252827 
5 
Amycolata autotrophica (Nocardia a.) partial 16S rRNA /  Pseudonocardia 
autotrophica X54288 
6 Soil bacterium strain LM 157 16S rRNA gene / Pseudonocardia kongjuensis AJ252833 
7 Amycolata nitrificans 16S ribosomal RNA, part / Pseudonocardia nitrificans X55609 
8 P.alni 16S rRNA gene Y08535 
9 P.compacta (DSM 43592) 16S ribosomal RNA (partial) X76959 
10 Amycolatopsis azurea 16S rRNA (part.) X53199 
11 M.lylae 16S rDNA / Micrococcus lylae X80750 
12 
Actinobispora yunnanensis 16S ribosomal RNA gene, partial sequence / 
Pseudonocardia yunnanensis AF056706 
13 
Actinobispora xinjiangensis 16S ribosomal RNA gene, partial sequence / 
Pseudonocardia xinjiangensis AF056709 
14 
Actinobispora aurantiaca 16S ribosomal RNA gene, partial sequence / 
Pseudonocardia aurantiaca AF056707 
15 
Actinobispora alaniniphila 16S ribosomal RNA gene, partial sequence / 
Pseudonocardia alaniniphila AF056708 
16 Pseudonocardia zijingensis 16S ribosomal RNA gene, partial sequence AF325725 
17 Pseudonocardia petroleophila 16S rRNA gene, strain ATCC 15777T X80596 
18 Pseudonocardia spinospora partial 16S rRNA gene, isolate LM 141T AJ249206 
19 Pseudonocardia chlorethenivorans 16S ribosomal RNA gene, partial sequence AF454510 
20 P.asaccharolytica 16S rRNA gene Y08536 
21 Pseudonocardia saturnea 16S rRNA gene, strain IMSNU 20052T AJ252829 





Figure S3.2-1.  Gene-to-gene comparison post annotation for the published CB1190, BERK-1A 




3.3  Curing Plasmid Test Methodology.   
Calculations for substrate levels. 
Substrate #1. Lactate concentration to use (based on LB media COD value):  
𝐶3𝐻6𝑂3 + 3𝐻2𝑂 → 3𝐶𝑂2 + 12𝐻
























38,733.3 𝑚𝑔 𝑆𝑜𝑑𝑖𝑢𝑚 𝐿𝑎𝑐𝑡𝑎𝑡𝑒
𝐿
 















Substrate #2. Acetate concentration to use (based on lactate amended set): 
𝐶2𝐻4𝑂2 + 2𝐻2𝑂 → 2𝐶𝑂2 + 8𝐻


















82 𝑚𝑔 𝑆𝑜𝑑𝑖𝑢𝑚 𝐴𝑐𝑒𝑡𝑎𝑡𝑒
𝑚𝑚𝑜𝑙
) =




Substrate #3. Propionate concentration to use (based on lactate amended set): 
𝐶3𝐻6𝑂2 + 4𝐻2𝑂 → 3𝐶𝑂2 + 14𝐻


















96 𝑚𝑔 𝑆𝑜𝑑𝑖𝑢𝑚 𝑃𝑟𝑜𝑝𝑖𝑜𝑛𝑎𝑡𝑒
𝑚𝑚𝑜𝑙
) =




Substrate #4. EVO concentration to use (based on COD from LB): 
LB media contains about 20 g COD·L-1 (5 g COD·L-1 of yeast extract and 15 g COD·L-1 
of tryptone).  This is a value of 625 mM.  The quantity for EVO (Newman Zone 55) to sustain 20 
g COD·L-1 is calculated in the following manner:  
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EVO is a solid white oil solution and it makes the water turbid once it is mixed with the 














Table S3.3-1.  Proposed experimental set up for curing test. 
No. Transfer Substrate Inoculum Purpose 
3X Luria Bertani CB1190 Positive 
3X Lactate  CB1190 - 
3X Acetate CB1190 - 
3X Propionate CB1190 - 
3X EVO CB1190 - 
- None CB1190 Negative 
- Luria Bertani None Negative (contamination) 
3X Luria Bertani BERK-1A Positive 
3X Lactate  BERK-1A - 
3X Acetate BERK-1A - 
3X Propionate BERK-1A - 
3X EVO BERK-1A - 
- None BERK-1A Negative 
- Lactate  Activated Sludge Positive 
- Acetate Activated Sludge Positive 
- Propionate Activated Sludge Positive 
- EVO Activated Sludge Positive 
- None Activated Sludge - 













3.4 Bench-Scale Column Test. 
Table S3.4-1.  Grain size distribution for sand used for column study for P. dioxanivorans CB1190 










-2 No. 5 > 4mm 0 0.00 
-1 No. 10 2 - 4mm 0 0.00 
Sand 
0 No. 18 1 - 2mm 0.58 0.80 
1 No. 35 500µm - 1mm 11.96 16.51 
2 No. 60 250 - 500µm 50.6 69.87 
3 No. 120 125 - 250µm 8.23 11.36 
4 No. 230 63 - 125µm 0.84 1.16 
Mud >4 Retained in pan < 63µm 0.21 0.29 




Table S3.4-2.  Grain size distribution for silt used for column study for P. dioxanivorans CB1190 










-2 No. 5 > 4mm 0 0.00 
-1 No. 10 2 - 4mm 0 0.00 
Sand 
0 No. 18 1 - 2mm 1.06 3.39 
1 No. 35 500µm - 1mm 5.96 19.08 
2 No. 60 250 - 500µm 5.69 18.21 
3 No. 120 125 - 250µm 5.67 18.15 
4 No. 230 63 - 125µm 5.85 18.73 
Mud >4 Retained in pan < 63µm 7.01 22.44 





Figure S3.4-1.  1,4-Dioxane measurements for P. dioxanivorans CB1190 for inoculating bench-












































Figure S3.4-2.  1,4-Dioxane measurements for P. dioxanivorans BERK-1A for inoculating bench-












































3.5  Kinetic Parameters Testing. 
 
























































Figure S3.5-3.  Yield determination in mg protein per mg of 1,4-dioxane consumed.  






















Figure S3.5-4.  Yield determination in mg biomass COD per mg of 1,4-dioxane COD consumed. 
  





























































Figure S3.5-6.  Maximum specific growth rate (panel A) and KS determination by fitting experimental 
data with simulation output (panel B).  



































































































































3.6  Plasmid Curing Test Results. 
 
 
Figure S3.6-1.  1,4-Dioxane levels monitoring for re-suspended cells that were incubated in LB 















































































































Figure S3.6-2.  1,4-Dioxane levels for re-suspended cells grown on Bacto agar plates to test loss 
of the 1,4-dioxane degradation capability (plasmid cured).  Four generations of transferring cells 
onto fresh plates with Bacto agar, no 1,4-dioxane amended before re-suspending cells in liquid 





























Figure S3.6-3.  1,4-Dioxane levels for re-suspended cells grown on Noble agar plates to test loss 
of the 1,4-dioxane degradation capability (plasmid cured).  Five generations of transferring cells 
onto fresh plates with Noble agar, no 1,4-dioxane amended before re-suspending cells in liquid 






























Figure S3.6-4.  1,4-Dioxane levels for re-suspended cells grown on either lactate and EVO to test 
loss of the 1,4-dioxane degradation capability (plasmid cured) for strains CB1190 and BERK-1.  
Five generations of transferring cells onto fresh medium were evaluated.  No apparent loss of the 






























Figure S3.6-5.  1,4-Dioxane levels for re-suspended cells grown on EVO to test loss of the 1,4-
dioxane degradation capability (plasmid cured) for strains CB1190 and BERK-1.  Seven 
generations of transferring cells onto fresh plates with Noble agar, no 1,4-dioxane amended were 
evaluated.  No apparent loss of the plasmid was found. 
 
Supplementary Material for Chapter 5 
5.1  14C-assay Methodology 
 
Figure S5.1-1.  Recoveries summary from metabolites after the solid phase extraction to retain 
1,4-dioxane.  Samples were tested at a neutral pH at two different flow rates: 1) slow, consisting 



















































Figure S5.1-2.  Net dpm per sample to test the number of times an ENVI cartridge can be used 
before breakthrough.  No statistically significance of accumulated 14C-labeled material within the 
cartridge.  
































Figure S5.1-4. Schematic of the “CO2 Stripping Method Set Up”.  CO2 is being stripped away 
from the acidic solution (as it is being dissociated) with nitrogen and it is being trapped in the 





Figure S5.1-5.  Control for radioactivity level through time for net dpm per mL in purified 14C 
stock solution.  






















Figure S5.1-6.  Control for radioactivity level through time for initial values for 14C-1,4-dioxane 
in experimental and control bottles.  Direct count of 0.1 mL of sample into 15 mL LSC.  
























Figure S5.1-7.  Counting comparison before and after sample processing with the 14C-assay for 
samples with and without labeled material (orange and gray respectively).  “A” stands for samples 
with 5 mL of 1 M NaOH solution after the stripping step, counting for the activity of soluble CO2.  
































Figure S5.2-1.  Detection limit determination for CB1190 for dilution factors.  Cells suspended in 
AMSM.  
y = 2981x - 787
R² = 0.96
y = 625x - 549
R² = 0.94































y = 51x - 75
R² = 0.95






























y = 28x - 47
R² = 0.61




































Figure S5.2-2.  Detection limit determination for ENV487 for dilution factors of 10-2, 10-3, 10-4 
and 10-5.  Cells suspended in BSM.  
y = 2,304x + 5538
R² = 0.95
y = 265x + 1388
R² = 0.96
y = 66.6x + 562
R² = 0.95






































Figure S5.2-3.  Inhibition test using acetylene for CB1190 in AMSM.  “CB” stands for CB1190 
































Figure S5.2-4.  Inhibition test using acetylene for ENV487 in BSM.  “ENV” stands for ENV487 































Figure S5.2-5.  14C Product accumulation for the inhibition test using acetylene for CB1190 in 
AMSM..  
y = 1457.9x - 7905.7
R² = 0.8372
y = 63.454x - 48.688
R² = 0.834







































Figure S5.2-6.  14C Product accumulation for the inhibition test using acetylene for ENV487 in 
BSM.  
y = 1805.9x + 120698
R² = 0.1935
y = -239.22x + 15124



































Figure S5.2-7.  Effect of handling with CB1190 at 163 µg·L-1 of 1,4-dioxane in groundwater (Site 
6, Well 2).  14C-product accumulation.  
y = 206.03x + 370.73
R² = 0.9351
y = 203.24x + 330.47
R² = 0.8983




























No cooling, inoculate immediately
Cool overnight, warm in 25 min





Figure S5.2-8.  Effect of handling with CB1190 at 163 µg·L-1 and 10 mg·L-1 of unlabeled 1,4-
dioxane in groundwater (Site 6, Well 2).  Figure A shows the product accumulation of the labeled 
material for all treatments; figure B shows monitoring levels of unlabeled-1,4-dioxane for all 
treatments.  “WU” stands for warmed up.  
y = 616.59x - 851.13
R² = 0.8617
y = 745.63x - 1235.7
R² = 0.7988

































































Figure S5.2-9.  Handling effect for ENV487 in groundwater (Site 6, Well 3).  
y = 1128.4x + 14625
R² = 0.549
y = 1116.1x + 15876
R² = 0.5172






























No cooling, inoculate immediately
Cool overnight, warm in 25 min
Cool overnight, warm overnight
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5.3  14C Product Accumulation Monitoring for Groundwater and FSGW Samples 
 
Figure S5.3-1.  14C-labeled products formed over time for a triplicate set for Site #1.  




























Well #1 - Experimental Bottles
Bottle A Bottle B Bottle C




























Well #1 - FSGW Controls




























Well #2 - Experimental Bottles
































Figure S5.3-2.  14C-labeled products formed over time for a triplicate set for Site #1.  




























Well #3 - Experimental Bottles
Bottle A Bottle B Bottle C




























Well #3 - FSGW Controls




























Well #4 - Experimental Bottles
































Figure S5.3-3.  14C-labeled products formed over time for a triplicate set for Site #2.  




























Well #1 - Experimental Bottles




























Well #1 - FSGW Controls




























Well #2 - Experimental Bottles
































Figure S5.3-4.  14C-labeled products formed over time for a triplicate set for Site #2.  




























Well #3 - Experimental Bottles




























Well #3 - FSGW Controls




























Well #4 - Experimental Bottles
































Figure S5.3-5.  14C-labeled products formed over time for a triplicate set for Site #3.  




























Well #1 - Experimental Bottles




























Well #1 - FSGW Controls




























Well #2 - Experimental Bottles
































Figure S5.3-6.  14C-labeled products formed over time for a triplicate set for Site #3.  



























Well #3 - Experimental Bottles
Bottle A Bottle B Bottle C




























Well #3 - FSGW Controls































Well #4 - Experimental Bottles






























Well #4 - FSGW Controls





























Well #5 - Experimental Bottles


































Figure S5.3-7.  14C-labeled products formed over time for a triplicate set for Site #4.  




























Well #1 - Experimental Bottles
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Well #1 - FSGW Controls






























Well #2 - Experimental Bottles


































Figure S5.3-8.  14C-labeled products formed over time for a triplicate set for Site #4.  






























Well #3 - Experimental Bottles
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Well #3 - FSGW Controls





























Well #4 - Experimental Bottles

































Figure S5.3-9.  14C-labeled products formed over time for a triplicate set for Site #5.  






























Well #1 - Experimental Bottles
Bottle A Bottle B Bottle C






























Well #1 - FSGW Controls




























Well #2 - Experimental Bottles
































Figure S5.3-10.  14C-labeled products formed over time for a triplicate set for Site #5.  































Well #3 - Experimental Bottles






























Well #3 - FSGW Controls






























Well #4 - Experimental Bottles


































Figure S5.3-11.  14C-labeled products formed over time for a triplicate set for Site #6.  






























Well #1 - Experimental Bottles






























Well #1 - FSGW Controls






























Well #2 - Experimental Bottles
































Figure S5.3-12.  14C-labeled products formed over time for a triplicate set for Site #6.  



























Well #3 - Experimental Bottles
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Well #3 - FSGW Controls




























Well #4 - Experimental Bottles

































Figure S5.3-13.  14C-labeled products formed over time for a triplicate set for Site #7.  






























Well #1 - Experimental Bottles
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Well #1 - FSGW Controls




























Well #2 - Experimental Bottles
































Figure S5.3-14.  14C-labeled products formed over time for a triplicate set for Site #7.  






























Well #3 - Experimental Bottles
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Well #3 - FSGW Controls






























Well #4 - Experimental Bottles



































Figure S5.3-15.  14C-labeled products formed over time for a triplicate set for Site #8.  






























Well #1 - Experimental Bottles
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Well #1 - FSGW Controls





























Well #2 - Experimental Bottles



































Figure S5.3-16.  14C-labeled products formed over time for a triplicate set for Site #8.  






























Well #3 - Experimental Bottles
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Well #3 - FSGW Controls






























Well #4 - Experimental Bottles


































Figure S5.3-17.  14C-labeled products formed over time for a triplicate set for Site #9.  






























Well #1 - Experimental Bottles
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Well #1 - FSGW Controls
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Figure S5.3-18.  14C-labeled products formed over time for a triplicate set for Site #9.  






























Well #3 - Experimental Bottles






























Well #3 - FSGW Controls































Well #4 - Experimental Bottles




























Well #4 - FSGW Controls





























Well #5 - Experimental Bottles

































Figure S5.3-19.  14C-labeled products formed over time for a triplicate set for Site #10.  
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Well #1 - FSGW Controls































Well #2 - Experimental Bottles































Well #2 - FSGW Controls































Well #3 - Experimental Bottles
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Supplementary Material for Chapter 6 
6.1 Composition of 14C-NSR Products Analysis 
 
 
Figure S6.1-1.  Preliminary test for the prediction of NSR activity accumulation for a single bottle 

























































Figure S6.1-2.  14C-NSR product accumulation between cultures and groundwater samples.  





























Figure S6.1-3.  Lyiophilization operating conditions for temperature and pressure throughout the 




































Supplementary Material for Chapter 7 
7.1  Experimental Design and Notes 
 
Table S7.1-1.  Experiment set up procedure.  Part 1.  “*” stands for bioaugmentation with iron-
reducing bacteria. 
  Experiment Set Number 
  I II 
Experiment Set ID 
Site 1, Europe  
Site 1, Europe 
Treatment  Up gradient Mid gradient Down gradient 
Medium Type Groundwater Groundwater Groundwater Groundwater 
Liquid Volume 50 mL 50 mL 50 mL 50 mL 
Gas Volume  100 mL 100 mL 100 mL 100 mL 
Solid Volume 10 mL 10 mL 10 mL 10 mL 
Solid Weight 20 g 20 g 20 g 20 g 
Unamended None None None None 
Fe(III) amended  278 mM Fe(III) 278 mM Fe(III) 278 mM Fe(III) 278 mM Fe(III) 
Fe(III)-EDTA amended 19 mM Fe(III) 19 mM Fe(III) 19 mM Fe(III) 19 mM Fe(III) 
Fe(III)-EDTA amended + 
BA* 19 mM Fe(III) - - - 
Fe(III)-EDTA + AQDS 
amended 
19 mM Fe(III), 10 
mM AQDS 
19 mM Fe(III), 10 
mM AQDS 
19 mM Fe(III), 10 mM 
AQDS 
19 mM Fe(III), 10 
mM AQDS 
Fe(III) + AQDS amended 
278 mM Fe(III), 
10 mM AQDS 
278 mM Fe(III), 
10 mM AQDS 
278 mM Fe(III), 10 
mM AQDS 
278 mM Fe(III), 10 
mM AQDS 
Sulfate amended 2.2 mM SO42- 2.2 mM SO42- 2.2 mM SO42- 2.2 mM SO42- 
Nitrate amended - - - - 










Water controls None None None None 
14C Added 0.4 µCi  - - - 




Table S7.1-2.  Experiment set up procedure.  Part 2.  “*” stands for bioaugmentation with iron-
reducing bacteria. 
  Experiment Set Number 
  III 
Experiment Set ID Site 1, Europe 
Treatment  Up gradient Mid gradient Down gradient 
Medium Type MSM MSM MSM 
Liquid Volume 50 mL 50 mL 50 mL 
Gas Volume  100 mL 100 mL 100 mL 
Solid Volume 10 mL 10 mL 10 mL 
Solid Weight 20 g 20 g 20 g 
Unamended None None None 
Fe(III) amended  - - - 
Fe(III)-EDTA amended 110 mM Fe(III) 37 mM Fe(III) 3.7 mM Fe(III) 
Fe(III)-EDTA amended + BA* - - - 
Fe(III)-EDTA + AQDS amended - - - 
Fe(III) + AQDS amended - - - 
Sulfate amended 12.8 mM SO42- 4.3 mM SO42- 0.4 mM SO42- 
Nitrate amended 20.5 mM NO3- 6.8 mM NO3- 0.7 mM NO3- 
Methanogenic - - - 
Autoclaved controls - - - 
Water controls - - - 
14C Added - - - 




Table S7.1-3.  Experiment set up procedure.  Part 3.  “*” stands for bioaugmentation with iron-
reducing bacteria. 
  Experiment Set Number 
  IV V VI VII 
Experiment Set ID 
Site 2, Well 7A Site 2, Well 10A Site 3 Site 4 
Treatment  
Medium Type Groundwater Groundwater MSM MSM 
Liquid Volume 100 mL 100 mL 50 mL 50 mL 
Gas Volume  50 mL 50 mL 100 mL 100 mL 
Solid Volume 10 mL 10 mL 10 mL 10 mL 
Solid Weight 20 g 20 g 20 g 20 g 
Unamended - - None None 
Fe(III) amended  - - - - 
Fe(III)-EDTA amended - 0.6 mM Fe(III) 3.7 mM Fe(III) 
3.7 mM 
Fe(III) 
Fe(III)-EDTA amended + BA* - - - - 
Fe(III)-EDTA + AQDS 
amended - - - - 
Fe(III) + AQDS amended - - - - 
Sulfate amended - 0.07 mM SO42- 0.43 mM SO42- 
0.43 mM 
SO42- 
Nitrate amended - 0.12 mM NO3- 0.68 mM NO3- 
0.68 mM 
NO3- 





Glutaraldehyde - - 
Water controls None None None None 
14C Added - - - - 




Table S7.1-4.  Properties of samples from Site 2. 
Parameter Set IV Set V 
Organics (µg·L-1) 
1,4-Dioxane 7,900 3,300 
1,1-DCE 4,300 3,100 
TCE 2,900 1,400 
VC 18 13 
PCE 33 12 
1,1-DCA 1,300 310 
1,1,1-TCA 0.16 0.1 
1,2-DCE 6,400 3,400 
1,2-DCA 29 16 
Geochemical (mg·L-1) 
DO 0.47 0.51 
pH 7.46 7.93 
Cl- 366 435 
NO3- 7.5 17.6 




Table S7.1-5.  Amount of electron donor as lactic acid to add to deplete specific electron acceptors 
present naturally in groundwater from Set V for each treatment. 
Treatment ID TEA Present TEA to Deplete Stock Sol. Lactate (mM) 
Nitrate (Unamended) NO3-, SO42- None None 
Sulfate SO42- NO3- 103.8 
Methanogenic CO2 NO3-, SO42- 370.1 
Ferric Iron + EDTA Fe3+ NO3-, SO42- 370.1 
Aerobic O2, NO3-, SO42- None None 
Autoclaved - None None 




Table S7.1-6.  Ratios for counts for fractions not representing 1,4-dioxane over the counts for days 
195 and 2,451 on Site I. 
   1,4-Dioxane Fraction Counts/Direct Count 
   RT (min) 
   Day 195 Day 2451 
 Treatment Bottle 6.5 - 22.4 26.0 - 30.0 6.5 - 22.4 26.0 - 30.0 
 Unamended 1 8.00% 0.40% 3.40% 0.97% 
 Unamended 2 3.50% 0.50% 1.38% 0.58% 
 Unamended 3 2.80% 0.50% 3.11% 3.53% 
 Fe(III) 1 2.80% 0.70% 3.62% 2.43% 
 Fe(III) 2 3.40% 0.60% 3.99% 2.20% 
 Fe(III) 3 3.90% 0.90% 3.86% 2.33% 
 Fe(III) + EDTA 1 1.40% 0.60% 2.36% 1.72% 
 Fe(III) + EDTA 2 1.30% 0.70% 2.31% 2.33% 
 Fe(III) + EDTA 3 3.20% 1.00% 3.82% 2.11% 
 Fe(III) + EDTA + BA 1 1.30% 0.80% 2.87% 1.14% 
 Fe(III) + EDTA + BA 2 0.30% 0.90% 4.27% 1.90% 
 Fe(III) + EDTA + BA 3 1.80% 0.70% 3.42% 1.97% 
 Fe(III) + EDTA + AQDS 1 2.40% 1.00% 9.95% 2.03% 
 Fe(III) + EDTA + AQDS 2 3.60% 0.60% 7.17% 1.62% 
 Fe(III) + EDTA + AQDS 3 9.20% 0.70% 8.01% 2.50% 
 Fe(III) + AQDS 1 2.80% 0.60% 10.43% 2.25% 
 Fe(III) + AQDS 2 2.80% 0.50% 9.96% 1.54% 
 Fe(III) + AQDS 3 3.50% 0.30% 6.20% 1.80% 
 Sulfate 1 2.80% 0.50% 4.17% 1.30% 
 Sulfate 2 2.60% 0.50% 3.26% 1.47% 
 Sulfate 3 2.40% 0.50% 3.19% 1.66% 
 Autoclaved 1 3.60% 0.20% 9.30% 1.24% 
 Autoclaved 2 4.10% 0.40% 10.98% 1.86% 
 Autoclaved 3 4.50% 0.60% 9.40% 1.48% 
 Water Control 1 5.20% 0.70% 6.15% 1.03% 
 Water Control 2 4.40% 0.70% 4.70% 0.54% 




7.2  Electron Acceptors Monitoring for Anaerobic Microcosms for Set I  
 
 
Figure S7.2-1.  Sulfate concentration for anaerobic experiment Set I for unamended and sulfate 


































Figure S7.2-2.  Iron (ferric and ferrous) concentration for anaerobic experiment Set I over time 














































Figure S7.2-3.  Iron (ferric and ferrous) concentration for anaerobic experiment Set I over time 


































Figure S7.3-1.  Sulfate concentration for anaerobic experiment Set II for sulfate amended set over 











































Figure S7.3-2.  Iron (ferric and ferrous) concentration for anaerobic experiment Set II, up-gradient 








































Figure S7.3-3.  Iron (ferric and ferrous) concentration for anaerobic experiment Set II, mid-







































Figure S7.3-4.  Iron (ferric and ferrous) concentration for anaerobic experiment Set II, down-






































7.4 Electron Acceptors Monitoring for Anaerobic Microcosms for Set III 
 
 
Figure S7.4-1.  Sulfate concentration for anaerobic experiment Set III, up-gradient for sulfate 































Figure S7.4-2.  Sulfate concentration for anaerobic experiment Set III, mid-gradient for sulfate 






























Figure S7.4-3.  Sulfate concentration for anaerobic experiment Set III, down-gradient for sulfate 






























Figure S7.4-4.  Nitrate concentration for anaerobic experiment Set III, up-gradient for nitrate 



























Figure S7.4-5.  Nitrate concentration for anaerobic experiment Set III, mid-gradient for nitrate 




























Figure S7.4-6.  Nitrate concentration for anaerobic experiment Set III, down-gradient for nitrate 



























Figure S7.4-7.  Iron (ferric and ferrous) concentration for anaerobic experiment Set III, up-






















Figure S7.4-8.  Iron (ferric and ferrous) concentration for anaerobic experiment Set III, mid-























Figure S7.4-9.  Iron (ferric and ferrous) concentration for anaerobic experiment Set III, down-























7.5 Electron Acceptors Monitoring for Anaerobic Microcosms for Set V 
 
Figure S7.5-1.  Nitrate concentration for anaerobic experiment Set V for nitrate amended set over 































Figure S7.5-2.  Iron (ferric and ferrous) concentration for anaerobic experiment Set V over time; 




















Figure S7.5-3.  Sulfate concentration for anaerobic experiment Set V for sulfate amended set over 



























7.6 Electron Acceptors Monitoring for Anaerobic Microcosms for Set VI 
 
Figure S7.6-1.  Iron (ferric and ferrous) concentration for anaerobic experiment Set VI over time; 




















Figure S7.6-2.  Sulfate concentration for anaerobic experiment Set VI for sulfate amended set over 





























Figure S7.6-3.  Nitrate concentration for anaerobic experiment Set VI for nitrate amended set over 

































7.7 Electron Acceptors Monitoring for Anaerobic Microcosms for Set VII 
 
Figure S7.7-1.  Iron (ferric and ferrous) concentration for anaerobic experiment Set VII over time; 






















Figure S7.7-2.  Sulfate concentration for anaerobic experiment Set VII for sulfate amended set 



























Figure S7.7-3.  Nitrate concentration for anaerobic experiment Set VII for nitrate amended set 



























Figure S7.7-4.  VOCs levels for anaerobic experiment Set IV, before and after stripping. 
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